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Mass Spectrometry-based Proteomics
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Curriculum Vitae

Speaker Name: Min-Sik Kim, Ph.D.

» Personal Info

Name Min-Sik Kim
Title Associate Professor
Affiliation Dep't of New Biology, DGIST

» Contact Information

Address DGIST, 333 TechnoJungang-daero, Dalseong-gun, Daegu, 42988
Email mkim@dgist.ac.kr

Phone Number 053-785-1630

Research interest : Mass Spectrometry, Proteomics, Systems Biology, Metabolomics, Multi-Omics

Educational Experience

2002 B.S. in Chemistry, Korea University, Korea
2004 M.S. in Physical Chemistry, Korea University, Korea
2013 Ph.D. in Biological Chemistry, Johns Hopkins University School of Medicine, USA

Professional Experience

2013-2016 Postdoctoral fellow, Institute of Genetic Medicine, Johns Hopkins University School
of Medicine

2016-2018 Assistant Professor, Department of Applied Chemistry, Kyung Hee University

2018-2020 Assistant Professor, Department of New Biology, DGIST

2020- Associate Professor, Department of New Biology, DGIST

Selected Publications (5 maximum)
Huh, S., Hwang, D.*, Kim MS* (2020) Statistical modeling for enhancing discovery power of
citrullination from tandem mass spectrometry data. Analytical Chemistry. Accepted.

2. Ntwali P.V M, Heo CE, Han JU, Chae SY, Kim M, Vu, H. M., Kim MS* and Kim, H.* (2020) Mass
spectrometry-based proteomics of single cells and organoids: The new generation of cancer research.
Trends in Analytical Chemistry. Accepted.

3. Sim SY, Choi YR, Lee JH, Lim JM, Lee SE, Kim KP, Kim JY, Lee SH, and Kim MS* (2019) In-
depth proteomic analysis of human bronchoalveolar lavage fluid towards the biomarker discovery for
lung cancers. Proteomics-Clinical applications. 13(5):e1900028..

4, Bae J, Kim SJ, Lee SE, Kwon W, Kim H, Han Y, Jang JY, Kim MS* and Lee, S.-W.* (2019)
Comprehensive proteome and phosphoproteome profiling shows negligible influence of RNAlater on
protein abundance and phosphorylation. Clinical Proteomics. 16:18..

5. Lee, S.-E., Song, J.-G., Bosl, K., Milller, A. C., Vitko, D., Bennett, K. L., Superti-Furga, G, Pandey,
A., Kandasamy, R. K.* and Kim MS* (2018) Proteogenomic analysis to identify missing proteins from
haploid cell lines. Proteomics. 18(8):€1700386. *Co-correspondence authorship.
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Mass Spectrometry
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Nobel Prize in Physics (1906)

"in recognition of the great merits of his theoretical and
experimental investigations on the conduction of electricity by
gases."”
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J. J. Thomson

/\ (1856~1940)
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Nobel Prize in Chemistry (1922)

"for his discovery, by means of his mass spectrograph, of
isotopes, in a large number of non-radioactive elements, and for

his enunciation of the whole-number rule.”

1890

M. Thoennessen
MSUINSCL - 2011

I Radioactive Decay

W Mass Spectroscopy

I Light Particles
Fission

B Fusion/Transfer

B Spallation

B Projectile Fragmentation

Beo

Francis Aston
(1877~1945)

Identified
212 of the 287 naturally
occurring isotopes
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« EtA carbon

(Bt 2 Atk 12,011
12C - 98.89%
13C-1.11%

4c- Aol Y5

EtA AKX (Hat) &I X2k =12 X 0.9889 + 13 X 0.0111
=12.0111

11

A Typical Mass Spectrum

mass-to-charge

base peak

Spectrum Mass table
ml/z Relative ml/z Relative
o 31 abundance (%) abundance (%)
e ] 12 0.33 28 6.3
w
$ 29 [32 13 0.72 29 64
2 50. 14 24 30 3.8
u 15 13 31 100
¥ 15
E 18 16 0.21 32 66
= Lol LY 17 1.0 33 0.73
15 30 miz
18 9 34 ~0.1




Qualitative Analysis of Molecules using MS

_ MS1
100 5 Formula: C9H18
90 [M+H]* = 127.1482 (-3.93 ppm)
80
. 1-nonene
70 — % e,
o 1| 21 & C9H18
o m
§%07 | = .
g ] . SN H CN\/\/\CH
250 I & 71.0865 2 3
< m g0 (Gl
2 1| &
340 - | e |
x4 g0 Y (7/// /
30 - zz N/:/ o,
T 67.0552 81.0708 P "
B » [CoHoT [CoHal” o 1061020
! 20 [CeHeal’ [CaHal”
20 1 15 ]
n 10 58.07421 72.08979 o 1i2.34854 128.10754
b K 3'0?7 6341673 || ‘ 79.05514 | 99.08120 10394802 | 1607256 | } 14095177 .
10 4 ST B S S S RS
0 1 | Tl
| | | T T T ‘ 1T T ‘ T T T T ‘ T T | T T ‘ T T 1T ‘ T T T | T T [ T T T T ‘ T T T T | T T |
126.5 126.6 126.7 126.8 126.9 127.0 1271 127.2 127.3 127.4 127.5 127.6
Unpublished data
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Nobel Prize in Physics (1989)

"for the development of the ion trap technique.”

Hans G. Dehmelt Wolfgang Paul www.youtube.com
(1913~2017) (1913~1993)
Penning ion trap Paul ion trap
14




Orbitrap

Quadrupole

Time-of-Flight

lon trap

FT-ICR




Nobel Prize in Chemistry (2002)

“for their development of soft desorption ionisation
methods for mass spectrometric analyses of
biological macromolecules”

John B. Fenn
(1917 - 2010) “y
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Koichi Tanaka
(1959 - )

M:Sample N

P00 o

997.4855 665.3265
- 996.9847 664.9928
w 80
o 75
: 70
g 65
S 997.9868 665.6603
Q 55
< 50
Q “
e
- 35
E 30
C = 998.4882 665.9941
. 998.9899 666.3287
’ l )\ \ A A I I 1
m/z m/z
18




X2k

S| £/d — mass to charge ratio (&

m/z = 996.9847

006.0847 997.4855 harge (Z) -
g (m) =996.9847 x (+2) = Peptide + 2H*
.§ . - Peptide mass = 996.9847 x (+2) — 2 x 1.0078
e o 997.9868
3. =1991.9538
< 50
2
E 35
e . 998.4882

:: 998.9899

I S, S | E— *A .......... beerm

m/z
19

A Peaks resolved W\
%’ at 10% valley
o) ’ _—
< ;
@ l/
< WA
M
-
C
> a.
m/z W
Peaks resolved g
\’\ at 80% valley ®
o
o
>
my  my m/z vt e e g
mez
Figure 2.1 wrt
Diagram showing the concepts of
peak resolution and valley.
20
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— resolution(==olS)

Monoisotopic mass = 2538.01 Average mass = 2539.48

100 - _—
- Resolution = 250Q
S - % .
- 7 |
- \ |
3 _.
3 /S
(4] 4 |
< Resolution = 2500 ‘
5| =
T - /
Resolution = 250 000 ‘
0 T ‘ | — T
2535 2538 2540 2542 2545
ml/z »
ol 52| 2H
om w‘\J .(' u[\l
1913 Thomson ¢
1918 Dempster
1919 Aston
1937 Aston
1998 Marshall and co-workers
T — AR
- N —
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[M+4H]*

= __918.5696
100
q e R=2000
50 TQor lon trap
- -
4 " S —
. 918.3986
] 918.1479 | ,?18-6492 R=20000 \TOF
%03 A I} [le1s.8999
3 | '\ [1919.1505
0 —I _‘1' ) ‘I ll\_.l" '\_" ‘\—"p";_A_, ] Vs
£ LX)
i 8.3086 ' :
E \\.//R=eolooo Orbitrap
50 : NCTX Y
‘ og " 918.3986
4 918.1479 |918.6492 R=200000 FT/ICR
50 918.8999
] |9|9.1sos
0 “rrrrrrTTTTT o e 1 T ! T T T T T T T
1 :
917.0 917.5 918.0 9185 919.0 9195 920.0 9205 921.0

— mass measurement accuracy(

Xl

==
2=y

)

True mass

= 400.0000

Measured mass :TDDTU@
Difference = 0.0020°0r 2 mmu

Error =0.002 06
400 — I
]
100
s
z K
2
2 504
o
;.‘3 0.1Da
499.9 500.0 500.1
miz
Mass 500

Peak width (at 50%)
Resolution (FWHM)

0.1
500

0.1

Q@

24
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Peptide Sequencing

Precursor spectrum of a peptide ‘SEMINAR®

monoisotopic peak
| 820.39816
(32 12C¢, 58 'H,, 11 14N,, 12 16Qg, 1 32S,¢)

—

1007

so- 2"d jsotopic peak (+ 1 neutron)

3'_d isotopic peak (+ 2 neutrons)

I
T T T T T T
820 822 824 826 828.0 830.0
miz

26
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Gas phase dissociation

MS 2

MS/MS spectrum
(Tandem mass spectrum)

(7]

: . . |

€ 1007

2
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©
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-4 507

0 T ‘ﬁl “'7 T T T
820 822 824 826 828.0 830.0

miz

27

Fragment ion assignments

SEMINAR

Relative intensity

m/z

28
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Fragment ion assignments

Yo Y5 Ya Y3 Y2 (V1
A A

EMlIN R
Z2Er

b, b, bs b, bSQ

Relative intensity

m/z

29

Fragment ion assignments

Yo Y5 Ya Y3 Y2 V1

SRRSER

b]_ b2 b3 b4 b5 b(;

Ys Ys
z bs bs X
2 b
:g bz b4 6
g Ya
>
2 Y1 y
8
g |

m/z

30
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Peptide-spectrum matching

Theoretical precursor mass Observed precursor mass
Ys ¥s
Yo Ys Ya Y3 Y2 Y1 z N N ¥e
é B b, b bs
S|IE[M|I|N|A|R < > : "
2 el av I M E s
b, b, by b, b b Z |s E | M I N A R
mfz
Theoretical fragment ion mass list Measured fragment ion mass list

217.0819

217.0823
348.1224 SCORE 348.1211
461.2064 — > 461.2072
575.2494 575.2490

646.2865 646.2875

33

Proteomics : Bottom-up approach

MKWVTFISLLLLFSSAYSRGVFRRDTHKSEIAHRFKDLGEEHFKGLVLIA
FSQYLQQCPFDEHVKLVNELTEFAKTCVADESHAGCEKSLHTLFGDELCK
VASLRETYGDMADCCEKQEPERNECFLSHKDDSPDLPKLKPDPNTLCDEF
KADEKKFWGKYLYETARRHPYFYAPELLYYANKYNGVFQECCQAEDKGAC
LLPKIETMREKVLASSARQRLRCASIQKFGERALKAWSVARLSQKFPKAE
FVEVTKLVTDLTKVHKECCHGDLLECADDRADLAKYICDNQDTISSKLKE
CCDKPLLEKSHCIAEVEKDAIPENLPPLTADFAEDKDVCKNYQEAKDAFL
GSFLYEYSRRHPEYAVSVLLRLAKEYEATLEECCAKDDPHACYSTVEDKL
KHLVDEPONLIKQONCDQFEKLGEYGFONALIVRYTRKVPQVSTPTLVEVS
RSLGKVGTRCCTKPESERMPCTEDYLSLILNRLCVLHEKTPVSEKVTKCC
TESLVNRRPCFSALTPDETYVPKAFDEKLFTFHADICTLPDTEKQIKKQT
ALVELLKHKPKATEEQLKTVMENFVAFVDKCCAADDKEACFAVEGPKLVV
STQTALA

ECCHGDLLECADDR
LVNELTEFAK DVCKNYQEAK

HPYFYAPELLYYANK

l HPEYAVSVLLRLAK
LEFTFHADICTLPDTEK

> Data analysis

34
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Proteomics : Top-down approach

17+
18" 1049.8
100 - 991.5 Lysozyme A
= N MW, calculated 17 825.2 Da
& 80 1 16 MW, measured 17 828 Da
= 1115.5
5 60 197 o
€ 939.2 1189.6 (4
2 1274
E 40 20+ 13+ 12+
« 20 4 892.4 1372.5 1486.6

800 1000 1200 1400 1600
mi/z

Figure 1.23
ESI spectrum of phage A lysozyme; m/z in Th and the number of

charges are indicated on each peak. The molecular mass is measured
as being 17828 +£2.0 Da.

35

Widely employed, conventional proteomics workflow

Elution time (min)

a b
2
- 2
CONNERE IR =
@ Yy B8 — ¥ Croogi e
1 Digestioninto  Enrichment for PTM-bearing peptide separation Electrospray ionization
Cells or tissue ~ Proteinmixture  IDPAGE  peptides peptides (for PTM analysis)
d
< MS I
) SIGNALINGNETWORK-
SREGULATE TVGTWRESSEN-
= N TIALLYAECGTPKILLOFTHE- A B c
Ny 2 BIOOOFCELLSANDEVGTWK
__> L = Slws < DRCANSHSNNORVALAND TVGTWR KCGTWR ~ SVGTAK
4
\ / = SIGNALINGISTRADITIONAL- | |—> EVGTWK GVMSWR ECGTPK  —
. GCGTYR  SVLTVR AVGTWR
Mass analyser  Collision cell Mass analyser °
DSGTWR QVGTNK DEFYGR

m/z
MS and MS/MS spectra Database search List of proteins and PTMs

Choudhary and Mann, Nat Rev Mol Cell Biol, 2010

Bioinformatic data
analysis

36
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The Human Genome Map
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A Draft Map of the Human Proteome

39

Samples and Workflow

Adult tissues

Gall bladder
Adrenal gland
* i

Kidney \ "’

Retina
>

Oesophagus

Spinal cord Frontal cortex
» A
> O
------- >
T

Fetal tissues

' Liver

Testis § - A - @& Heart

<R = i
Ovary L ' Brainy

¥ )
Gut R Placenta

Haematopoietic cells

@)

T

Common myeloid progenitor Common lymphoid progenitor

YooY Y Y v v
® o© © ©c

CD4* CD8* NK B
Platelets Monocytes  1"coys Tcells cells cells

Protein extract

e In-solution
SDS-PAGE T2 trypsin digestion
333355550580
In-gel - RREEEE  Basic pH RPLC
trypsin digestion a2~ 883385828588

859533833655,

N7

Nanoflow RPLC

Intensity

Nanoelectrospray
ionization

Tandem MS

Data analysis
using RefSeq proteins

Intensity
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Proteome Correlation

Fetal tissues

Adult tissues

Hematopoietic cells

Adult prostate

Placenta

B cells
CD4+ T cells

Adult
Adult colon
CD8+ T cells

Adult
Adult kidney
Adult urinary bladder

Adult frontal cortex
Adult spinal cord
Adult retina

Adult adrenal gland
Adult

t
5
2
H
s

Fetal liver
Fetal gut
Fetal ovary
Fetal testis
Fetal brain
Adult heart
Adult liver
Adult ovary
Adult testis.
Adult lung
Adult rectum

NK cells

Platelets

Fetal heart

Fetal liver

T

Fetal gut

Fetal ovary

| Fetal testis

Fetal brain

Adult frontal cortex

| Adult spinal cord

Adult retina

Adult heart

Adult liver

I

:Adult ovary

[ Adult testis

Adult lung

0 Adult adrenal gland

[~ Adult

[ Adult pancreas

Adult kidney

H

" Adult

|” Adult colon

SEEEESEESSEmEEsEzasEmmEE

:Adult rectum

Adult urinary bladder

| Adult prostate

sy | Placenta
O Bcells

1 CD4+ T cells

CD8+ T cells

NK cells

IE!

Pearson correlation: 0.67

Platelets

e 1

Tissue-specific proteome expression

o) | | I
(I
I )

UL U 1R ,l

|
W
|

\q I 1
(i
L 1 J |

I i \‘ |
! yie!
L ¥ ‘l‘n‘

H\IH 1 ‘
‘ L I
\ ‘ i
I
I8

I

Modified from Kim et al. Nature 2014

B cells Ovary/testis Frontal cortex Retina Pancreas
MS4A1 DDX4 SYNGAP1 RLBP1 REG1B nd. o1
CcD19 TKTL1 ICAMS5 GNAT1 CPA1
BLK STK31 SCN1A RHO CEL
CcD72 RBMXL2 SHC3 RCVRN PNLIP
STAP1 FMR1NB CACNG3 IMPG1 PRSS2
FCRL1 C90rf9 C8orfd6 IMPG2 CELA3A
FAM129C FAM71B KIAA1211L FAM124A INS
o
* S &
> o o 5
O\oo(ip‘ ‘&QY \99‘@.,0 N dv\:\ &
Sl S ¢ B F o FE @SS E S
R EF N (O QPP (TS FEE
N e T e e
S i i i S il
123 bRa e PDESB (SCB, sc-377486)
- PRPH2 (Proteintech, 18109-1-AP)
40 kDa T |vsx2(scB, sca4151)
70 kDa -
SPESP1 (Atlas, HPA045936)
55 kDa
15 kDa - SYCN (SCB, sc-376930)
70 kba - PNLIPRP1 (R&D, AF7105)
15 kDa == MSMB (EMD, MABC845)
70 kDa
g COORF11 (Proteintech, 23168-1-AP)
55 kDa
P e | (csT, 2118)

el
Fetal

Eetal ovary
Fetal testis

Adult lung
Adult adrenal gland
Adult gallbladder
ult pancreas
Adult kidr
Adult esophagus
it colon
Adult rectum
Adult urinary bladder
Adult prostate

cer
B cells

CD4+ T cells
CD8+ T cells

tes.
Platelef
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Limitation of a current proteomics analysis

* The peptide sequencing is fully based on a protein
sequence database

« Currently most of protein sequencing analyses are
based on the bottom-up approach instead of analyzing
intact proteins

« What if database is inaccurate?

43

A good tandem mass spectrum remains unmatched!

Fy
@
c
]
No match £
Prdr > g 1 ‘ ‘
e o ©o =
[}
sL |
o
m/z
Theoretical fragment ion mass list Measured fragment ion mass list
217.0823
No score 348.1211
No data - — 461.2072
575.2490
646.2875

\—/ — Measure by MS

44
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~60% of unidentified MS/MS collected for proteogenomic,analysis

'
MS/MS spectra @ Collection of ‘unidentified’
with NO identification g MS/MS spectra

45

Possible explanations

They may be just poor quality MS/MS spectra

Good quality MS/MS spectra may be originated

from

1. Novel PTMs
2. Novel Isoforms

3. Novel Genes

Non-coding RNA

46
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Proteogenomics analysis pipeline

~16 million unmatched MS'MSspectra

|

XlTandem searches
against custom databases

[ | | |
three frame translated three frame translated Sgnal peptide database

six frame translated three frame translated
genome database pseudogene database ncRNA from NONCODE N-terminal UTRdatabase from SignalPand HPRD

|

’ Compared to protein database ‘

Y

Manual validation of spectral assignment of peptides
identified uniquely from alternate database searches

Y

Validation of novel findings
using synthetic peptides

a7

Non-coding RNA?

hg19t {2 kb
chr1: 918,000 /915,000 1912,000
_:i T I T T I
Non-coding RNA
[ ereercererselirercrss NN > (e I
(C10rf170) 7
| GCEEEDVATQQPVSR
| SPVQEDRPGPGLGLSTPVPVTEQGTDQIR | TALLANVGTISAIR
| HGLDVALPTAGPVAK
| LEVASSPPVSEAVPR

Validated by synthetic peptide Identified by proteogenomic analysis

3
S

w0 LEVASSPPVSEAVPR yo 1 LEVASSPPVSEAVPR yo

b2

b2

50
2+ yi1
2+ yi1

y12
y10 yi12

Relative Abundance
Relative Abundance
3

y13

]
il w Al 1 1 | |
600 800 1,000 1,200 1,400

S
w

a2 v2 b3 y2 b3
yi
Sam i Al

v |
Myds .I..n ‘l il M| j I lll
200 400 600 800 1,000 1,200 1,400 200 400

48
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Parental
B e —TE—EE—N—
Unfaithful gene
duplication

Duplicated

Parental
e R L — 00— pseudogene

G Parental
e TR RN Protessed

Host gene pseudogene
Transcrip tion ¢
G enomic DNA
— W (0% ceeor
intergenic regions)
mRN. i Integration
Reverse

transcription > _I ¢DNA

Transcription of pseudogenes

Pseudogene Transcription
Detection and Quantification

_— = = ==
——— —_ =Ny ——
Pseudogene (V)

!

Pseudogene Expression Signatures
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UAG,
UGA
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Translation start site?

UAG,
mRNA Uea
UAG,
RNA 2
m ANG UGA

Method of a newer protein sequence database

UAG,

mRNA UGA

Acetylation

Protein 1

Protein 2

Protein 3 .

Protein 4 .
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Heterogeneous translation start sites of a messenger

Known sites (~85%)

Upstream Downstream
g & A U G me
§ 40 mu
@ WA

Confirmed start sites

]
8

g mc
£ 150
g
2 we
% 100 AU G
0 Lo L L L | 4 mu
s g & & & "
> N & 8 N «© WA
R A 0
Qé‘ v v 5 4 3 2 4 "
S Downstream Novel start sites
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Further confirmation of the heterogeneous starts

A STARD10
Ac-ASASAAASTLSEPPR Ac-MEKLAASTEPQGPR
a LS RTRALGLPTLPMEKLAAST
50 3
A NH, NH,
) ) w 40} i
N KN A KN g
fé- 30} i
l Chemical blocking of K
primary amine groups A é 20 4
crl,N CH, cH, o, 10 [ Upstream ORF * ol ]
N
CHy ) - j o [l N-terminal extension . " L ‘l L .
CH/ BE 80
&5 L )
2o 5 UTR ORF
l Trypsin digestion g2 g
-
B £ Ac-ASASAAASTLSEPPR (STARD1
CH, CH, CH, CH, 52 Cc ( 0)
& N N .gg 40 Peptide identified from sample
N, 1
o N7 NH Nk NHEY Aoy KN MY 3 3 100
S
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l Depletion of peptides with H 0
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Post-translational Modificati

Possible explanations

* They may be just poor quality MS/MS spectra

* Good quality MS/MS spectra may be originated
from

1. Novel PTMs
2. Novel Isoforms
3. Novel Genes

Protein-coding mRNA

2
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Post-translational modifications, unexplored bioinformatics field

protein-ligand
interactions

Turnover =

. ransoriplion Glycosylation
\\ \ e
Phosphorylation
marpore in pro(eiln A 5% Acylation
complexes
(machines) Lipidation

Methy\anon
Pro(elr\ binding Ubiquitination Enzyme activity
and interaction

Me,
. oy
e = @ Oxé;t}m
Ac

—— protein families Localization Crosstalk
membrane (activity or structural)
Ssociated

Protein
/V \ conformation

PTMs

post-translationally
modified proteins

Patterson and Aebersold, Nat Gen, 2003 Aebersold and Mann, Nature,
2016

Systems-wide study of PTMs is indispensable for a more comprehensive understanding of
the human proteome.

59

PTMs play a central role in regulating biological processes

I
Localization

Signaling Sorting

Old protein Nderon 2 — New protein
G et m A
4 7~ ycusyanon\ \ ¥

Plhospho é\l v \ “\VVJ{
Wha:;;.:.‘,,,‘,‘\c
t.aDt;/w,qr Tagqing\ /olqu
%‘% modifcanons D
% Degradato ®_> Amno @ ynthess
Variety Substrate specificity Dynamics
>300 types of in vivo PTMs Different sets of substrate proteins/sites Changes in responsive to

for different PTM types intra- and extracellular signals

Above all else, a taxonomy of the types of PTMs and their substrate proteins/sites is necessary.
= requires large-scale & confident identification of PTMs.
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SnapShot: Histone Modifications

He Huang,' Benjamin R. Sabari,2 Benjamin A. Garcia,? C. David Allis,2 and Yingming Zhao'

‘Ben May Department of Cancer Research, The University of Chicago, Chicago, IL 60637, USA
2Laboratory of Chromatin Biology and Epigenetics, The Rockefeller University, New York, NY 10021, USA
*Department of Biochemistry and Biophysics, University of Pennsylvania, Philadelphia, PA 19104, USA
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PTM analysis — MODi algorithm

STEP3 Initial tag chains
Arrange sequence tags 1. AMGIMNSFVNDIFER STEP4
matched to each peptide: 1) gi Combine sequence tags
— 2 - nsfv — into tag chain
Merging, Pruning -
Converting, Sorting 3) difer
2. GSDKGVFSLSTFER
;) f*VFS,if Tag Chain List
AMGIMNSFVNDIFER ) fer 1. AMGIMNSFVNDIFER
GSDKGVFSLSTFER 1)__gi nsfv _difer
LVFIDINDIQTK 2) nsfv_difer
VIPENGIFETR Deamidation 2. GSDKGVFSLSTFER
AMGIMNSF\(NPIFER b vis_ter
T Oxidation
STEP2 .
Select peptides Best Interpretation STEP5
including tag hits 4+— Interpret tag chain
from database with PTMs
STEP1 v 1\/ F S
Keep top 200 sequence tags of length 2 or 3 g 1 ' '
100 794.20 ' F : s ' N
b3t 1 D | L2 =
ppE 3 7 B0 8 8 | P
2 : : : : - s93.25 : ' ‘
@ : : : : H H 1 :
g te R t E t F | H H 104031 | 1241.36 b 5|_|£|
E|n ; : asils sea2t  679.22 tansz : Co
: ' : 1388.36 5 &
: . i | 1558.34
ol

Na et al. Molecular and Cellular Proteomics

Open Search Strategy.

Unimod modifications
1,000 -

500

AMass

500 Da = 93% of all PTMs
500

1,000 T

1
200 300 400 500 600 700
Rank

100%
15,000 -

12,500 -
10,000 -
7,500

HH

97.8% 96.3% 93.4%
© 96.3% 93.4% 90.4%
T 85.5%

—s
\.\ 78.9%

Peptides

o
L
Closed search

2,500

T T 1
5p.p.m. 0.1 10 1,000

Precursor ion tolerance (Da)

Gygi et al. Nature Biotechnology

a Oxidation b Carbamylation c Deamidation
6,000
4,000 1,200
3,000
4,000 800
2,000 2000
' 1,000 400
0+ T T g 0+ t 1 0 T 1
1598 1599 16.00 16.01 4299 43.00 43.01 43.02 0.98 0.985 0.99

Obs mass = 43.0057
Theo mass = 43.0051
Difference = 0.0008

Obs mass = 15.9949
Theo mass = 15.9949
Difference = 0.0000

Pyroglutamylation,

Obs mass = 0.9861
Theo mass = 0.9849
Difference = 0.0012

f Aminoethylbenzenesulfonylation

d Formylation e pyrocarbamylation
§ 800 2,500 600
5 2,000
2 600 d
i3 1,500 400
5 400
5 200 1,000 200
g 500
2 0 04 T ; 1 0+ 7 7 1
2798 27.99 28.00 28.01 -17.04 -17.03 -17.02 -17.01 183.02 183.03 183.04 183.05
Obs mass = 27.9950 Obs mass =-17.0264 Obs mass = 183.0354
Theo mass = 27.9949 Theo mass =—17.0266 Theo mass = 183.0354
Difference = 0.0001 Difference = 0.0002 Difference = 0.0000
g Iron h el 1 Phosphorylation
800 2,500 500
600 2,000 400
1
200 ,500 300
1,000 200
200 500 100
0+ T 0 T T i 0
53.90 53.92 53.94 0.99 1.00 1.01 1.02 7995 79.96 79.97 79.98

Obs mass = 1.0025
Theo mass = 1.0034
Difference = 0.0009

AMass (Obs — Theo)

Obs mass = 53.9187
Theo mass = 53.9192
Difference = -0.0005

Obs mass = 79.9665
Theo mass = 79.9663
Difference = 0.0002
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TagGraph algorithm

a Kim et al*

——

Theoretical spectra (x1,000s)
Identify
candidate l || || |
peptides
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Observed Il Il llllll I | | | L | | NSNCEYRTPASDER
spectrum l | —>» FN(0.98)AGFHEYK
Select top match
TagGraph

291,195

TagGraph
896,925

Unique peptides at <1% FDR
Ref. 24 345,801
TagGraph 1,188,120

EM scoring
De novo String-matched
sequencing database sequence b
RYDMNAQSMDFSCV 5
~ B M Kim et al.** and
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Y gz 2
(©) @ g%
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Ellias et al. Nature Biotechnology

Deep learning-based PTM ID

Peptide Sequence Mass Shift Neutral Loss Spectral Matching
PEPTYDESEK & Budding
T4 T4 Query
T4 0.89

290 | - pepTyDESEK 1L | ‘Yl J-*LJ-“J-“-U% $8 0.79
% Learning @ Y5 0.52
PEPTYDESEK || |4 |1 | 1Ly |||| Reference

Non-phospho @ S8 S8
PEPTYDESEK Site deltaDP
|||||||| L bl M dllly T4 0.10

Site DP

—

66

Yang et al. JPR
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.

Conventional method of PTM identification

Database search: identifying the peptide sequences of experimental MS/MS spectra.

Database search

Peptides Protein sequence
sample database
l l in silico digestion
LC-MS/MS analysis Peptides
Modification ~ Amino acid
l l Phosphorylation S, T, Y
Experimental Theoretical
MS/MS spectra MS/MS spectra
Compare
&
eés‘:e I
RN
Rank Peptide Score
1 QVS(p)VVDLTR 121
VVELCT(p)PEGK 6.4

2
3 ECDVVS(p)NTIAEK 3.7

|

Retain only the best
peptide-spectrum matches (PSMs)

67

PTM signature in MS/MS spectra

» Diagnostic ions can be signatures for PTMs.

0We8765 4 21 Yo

126.09 Yo Vas[YaaYar [Yaol o [Ye [ Y2 [Ys [Ys [Ya [V [ Ya[ Y1
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100,11 1;7%13 ﬂﬂ ac y,H,0 1278560 bn 23456 0
I ﬂ yvr: 59 -~
o m/283093, 2+ 100+
a0l & 116357, MHHPO 3H,0
3 @ | by =17
21316 Q
g 922’45 g
£ ack 1 °
8 %! 14312 S
2 y, NH 9 g
3 17512 e 1448.70 P
5 a0/ 7 ' 2
2 v | K
y y, eg?izs 1106.55 | ! /”\‘IH‘ g
! 1251613527 56431 i <
Y. 1049.53) <
yHO 86346 11 0 ] i ‘3;’%{65‘; g
P RO i A A :
° m AL T v T T T
400 600 800 1000 1200 1400 1600 200 400 600 mm/z 1000 1200 1400 1600

Barth et al., J Proteomics, 2020 Palumbo et al., Mass Spec Rev, 2011

Idea: PTM diagnostic ions can be utilized to facilitate
the identification of PTMs in MS/MS data.
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Screening of citrullination signatures

Spectral binning

100 100.001 100.002 100.003
l 0.001 m/z I I
_____ = -—==3 miz
Bin 1 Bin 2 Bin3
Bin1 Bin2 Bin3 Bin4
Spectrum 1 i 1 : !
MS/MS spectra pecium RE | . I : | Y
Spectrum2 | | | ! !
"—‘—'—L"I—". —-->
N Spectrum N i : I i :l E : 3 | : E 9
12 No. peaks -
per bin 57 303 351 607 -

\/

(Rel.) Occurrence histogram

m/z bin

O

% Occurrence per bin

= N W » O O N
o O ©o o o o o

o

% Occurrence histogram
NCE 35%

113.072

GR(Cit)
-HNCO

SR(CH)  GaR(cit)
114.056 NH-CO ~\h,

115.078
13on98 cutoff: 5%

m/z bin
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Discovery of citrullination diagnostic ions

C HZNYD
HN.
Cit peptide
AAHG G-R
FHN
IM(Cit)
m/z 130.0980
HzN\]/‘H-zF
HN.
UnmodR peptide
AAHGRG-R —
HN
IM(R)
m/z 129.1140

o

NH,

s

!

NT
O)\NHQ

IM(Cit)-NH;
m/z 113.0715

!

N+

HNZ NH,

IM(R)-NH,
m/z 112.0869

NH, Ie;

IM(Cit)+H,0-2(NH,)
m/z 114.0555

IM(R)+H,0-2(NH,)
m/z 113.0715

Potential Cit diagnostic ions

Sequence-independent ions

Sequence-dependent ions

Exact m/z 130.0980 113.0715 114.0555 115.0759 [] % Occurrence
Total NCE
43.1% *43.7%
*25.6%
6.7% 9:4% 6.4%

Identi IM(Ci M(City-NH,  M(Cit)+H,0  Unassigned Dipeptide Tripeptide

dentity (Cit) (Cit)-NH, —2(NH3)2 IM115) pep! pep

Formula C.H,,N,0* C,H,N,0* C,H,NO,"
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Development of statistical model

Number of
occurrences

A | Precursor NL

o

'® | SequenceNL | 7

=]

o)

pd Internal NL 4

—

S Dipeptide 5

: ripeptide 3

Immonium ion 1

Model

EN logistic
regression model 2
@
Cit 8 o
1 e
[
2 S
o 3
= g =
3 g °
Q |§ ~
E S
o
0 S
UnmodR

Classification of Cit PSMs

ROC curve (Synthetic peptides)

1
N

/| = = ENgypu, (AUC=0.96)
(AUC=0.73)

/ ~ = Dlua

1
E T ———

02 04 06 08 1.0

False positive rate
EN model
Sensitivity: 0.94
Specificity: 0.96

Logistic regression model with
elastic net (EN) regularization

Huh et al. Analytical Chemistry

‘Valid’ if probability >0.5
‘Invalid’ otherwise

Accuracy: 0.95

v

Database search

Cit PSMs
L%
[ e ] Significant PSM
(e.g. lon score >Identity score),
N

1

NLfro
Cit fragment ion

Yes No

More than 1 NL
from fragment ion
Ves No NLfrom
precursor ion
Cit peptides Yes N

)

o
(Gitpeptides) Immonium ion
at 130,097 m/z
Yes No
@i pl i
without N/Q ambiguity
s No.
Cit probability
e (it peptides) m
Low vigh

~
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Quantitation

-36-




Metabolic labeling

SEMINAR*

13C6 1H1 14N7 1608 32516

SILAC-based Quantitative proteomics

1007

507

SEMINAR:SEMINAR* = 1:1

SEMINAR SEMINAR*

12C6 13C6

| T N
820 822 824 iz 826.0 828.0 830.0
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Metabolic labeling of the whole cellular proteome
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Gowda et al. Nature Protocol

In vivo SILAC labeling
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EphB2* ephrin-B1* EphB2*

=) e
\B/

Juxtacrine l
purification of pY peptides
N Mass identification
Y Spectrometry apd )
L . quantification
| ? 3
EphB2*| [ephrin-B1Y] EphB2*| ‘2 | | . |
Arg/Lys 0/0 Argl/Lys 4/2 Argl/Lys 10/8 - Time miz
v 2 100 o 100 caa 27|
Y 10 minutes ,E 80 805.41 504
c
3 60 60 o
? ? ?; w0l 199419 w04 -
2 » l 634.26
. ge o " . K 20 4
Control Bidirectional signaling K . I i . ]l Llw il
798 802 806 810 miz 630 634 638 642 646 mz

PEPTIDER

Jorgensen et al. Science
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TMT-based guantitative proteomics

A. TMTzero Reagent (TMTO) B. TMTduplex Reagents (TMT?2)
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TMT-based guantitative proteomics
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An example MS/MS of TMT-labeled peptide
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e Microarray
Proteome

Mass spectrometry
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Proteogenomics

ARTICLE

0:10.1038/nature18003

Proteogenomics connects somatic
mutations to signalling in breast cancer
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Integrated Proteogenomic Characterization of
Human High-Grade Serous Ovarian Cancer

Graphical Abstract Authors
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169 ovarian tumor samples
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Hui Zhang, Tao Liu, Zhen Zhang, ...
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In Brief

Layering proteomic and genomic data
from ovarian tumors provides insights.
into how signaling pathways correspond
to specific genome rearrangements and
points to the benefit of using protein
signatures for assessing prognosis and
treatment stratification.

2019
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Prot ic Ch ization of Human Early-
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Graphical Abstract Authors
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Graphical Abstract

Integrated Proteogenomic Characterization of
Human High-Grade Serous Ova

169 ovarian tumor samples

Proteormics

i
U

Phosshoproteorics

‘Sang-Won Lee, Dachee Hwang

Correspondence
eunyang@kistre.kr [E.G.Y.),
hkim@nce.re.kr (HKK),
eunokpack@hanyang.ac.kr (EP),
sanghyuk@ewha.ac.kr (S.L),
sw_leo@korea.ac.kr (S.-W.L),
dhwang@dgist.ac.kr (D.H)

In Brief
Mun et al. perform proteogenomic

analysis of diffuse gastric cancers (DGC)
ina young po

associate wit
subtypes of O

identified

n Cancer

Authors

Hui Zhang, Tao Liu, Zhen Zhang,
Daniel W. Chan, Karin D. Rodland,
the CPTAG Investigators

Correspondence
dehan@jhmi.edu (DW.C.
Katmvodtandapnnlgov (D.R)

In Brief

Layering proteomic and genomic data
from ovarian tumors provides insights
into how signaling pathways correspond
to specific genome rearrangements and
points to the benefit of using protein
signatures for assessing prognosis and

Therapeutic Vulnerabilities in Lung Adenocarcinoma i/ 20 1 9 20 1 9
ooy TR ey
Graphical Abstract Authors S oo
e N
e A oo o v, S o
ClrscalProteomic Tumer Anlysis
Consortium Clinkal foatures.
Correspondence RPN
giletieSbroadisituto org MAG), S
broadinstitue.org (S.S.), /'t -

scam@broad.mit.edu (SAC)

In Brief
adjacent tissues from patients of diverse

vields infights
oncogerpsis
offers n

therape: mm; and medesl

omy

i

f—

(7

Many more to come...

83

Mass Spectrometry

INTO THE UNKNOWN

* Principle of Mass Spectrometry and Basics of Proteomics
 Applications to different research fields
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Laboratory for QBIO and Precision Medicine (T:H[O] 2 4 2 O| St & 1 4Al)
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