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Genome 12Mb 97Mb 180Mb 3,038Mb

#Genes 6,000 19, 000 14, 000 21, 000



HEE ¥ vs. £ H M

> BEEH 2 £ MFThEE, BiIsE &M MEMZHY
> HEIM A

SERRYE > EMEFRM & ZHM

4~1,000,000 protein isoforms
> PGB ER FEEHLH -

® Post-transcriptional Modification (4 % /51&1f), eg.,
Alternative Splicing (RJZE51]]): 25,000 genes —> 103
transcripts

® Post-translational Modification (EJi¥/51&1H), eg.,
Phosphorylation: 10° transcripts —> 10° proteins
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Post-translational Modification: :-.JL
c @ Activation Conjugation  Ligation

Kinase
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Phosphatase
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Phosphorylation

Acetylation

Ubiquitination
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> BEIE &2IM~650f1PTMs

http://www.uniprot.org/docs/ptmlist




The first PTM substrate ~

» Casein:
4 An abundant phosphoprotein found in milk

€1In 1883, the first protein shown to contain
phosphate

€ Olof Hammarsten, Swedish biochemist
_ o o

1883 Casein is a phosphoprotein

1900 Vitellinic acid/phosvitin is a phosphoprotein

1932 Phosphoserine in vitellinic acid/phosvitin

1933 Phosphoserine in casein

1954 Casein is used as a model substrate for the detection of the first protein kinase activity

1960 Casein/phosvitin kinases are distinct from phosphorylase kinase

1969 Two distinct casein kinases, CK1 and CK2

1971 Complete amino acid sequence of agq casein is determined

1972 Casein kinase activity detected in Golgi fractions of lactating rat mammary gland

1988-1989 'Genuine/Golgi’ casein kinase (G-CK) consensus is different from those of CK2 and CK1

1995 Casein kinase-1 and casein kinase-2 renamed protein kinase CK1 and CK2 G

1996 Specificity determinants for G-CK and the development of a synthetic peptide to detect . T
G-CK activity with absolute specificity

2012 G-CK is identified as Fam20C OIOf HammarSten

Tagliabracci et al., Science, 2012, 336, 1150-1153 (1841-1932)
Tagliabracci et al., Trends Biochem Sci, 2013, 38, 121-130
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> REE, IR\ ZH—MENEREZIF
> ALY
®Protein kinase: ##&{L - Writer
®Phosphotase: E£#f5{L - Eraser
®Phospho-binding domain: iR 345 E B {L{i = - Reader

The Nobel Prize in Physiology
or Medicine 1992

“for their discoveries
concerning reversible protein
phosphorylation as a biological
regulatory mechanism”

Edmond H. Fischer Edwin G. Krebs



> 1943, Cori & Green?f

BRI R AT I

2B BBAL & IHE R BL 1L

B (glycogen phosphorylase) a (B3&14) # b (I

&)
SflAWLE: 92%Ha
®HlRAGh: b

> JEAMP: a (FEMHARIERG60%~70%); b (FiEl)
> 1955, Fischer & Krebs

& aflbE[E—Ffh 45+
Lt : bFIAATPFZ4
€1z N A] i

d

€4 S15, Phosphorylase kinase, CAMK/PHK, 1975

Krebs & Fischer. JBC, 1955, 216, 113-120;
Fischer & Krebs. JBC, 1955, 216, 121-132.



CDK & Cyclin

> 1970s, Hartwell3F A Z I —ZR 5N 2 i
A| (Cell division control, Cdc)

> 1986, NurseF A LXIMCdc22—

¢ IR A L, 34kd
& [RIE 53 AV R E B B R BER R TSIEE
S FIE S RVAREBEARKFE T, &4

> 1976, Brandhorst X8 BZEEIEE

I3
OF[E: HHE

HARY &

A

T EHE S

€1983, HuntZEA “BFN” HUESEFEN

HE(ER, 7 ERIEMERE - Cyclin

Evans, et al. Cell, 1983, 33, 389-396
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Cell CyC|e ;,,;

> 1970, cdcA1, , cdc3
» 1981, cdc2 is required
» 1984, cdc2/cdk1 activity is required
» How about Tim Hunt? Marc W. Kirschner

The Nobel Prize in Physiology
or Medicine 2001

Leland H. Hartwell Tim Hunt Paul M. Nurse

Hartwell et al., PNAS, 1970, 66:352-9
Nurse et al., Nature, 1981, 292:558-60
Newport et al., Cell, 1984, 37:731-42



The Hunt for Cyclin 2

> July 22nd, 1982, Cyclin A & B
» 1989, Cyclins control cdks

» Why Tim Hunt?

& Sea urchin

¢ SD

S-Page

Cleavage index o----o

p—- | .
75} B- -
#*~p
A
50 i i
25
0

)8 % (*—=) ¥ Spueq jo Ausuajy|

(.‘ v

Evans et al., Cell, 1983, 33:389-96
Murray et al., Nature. 1989, 339:275-80
Murray et al., Nature, 1989, 339:280-6

I was Very h.ley. Marc W. Kirschner
€ Marc W. Kirschner

Cell Cycle and Cyclin—CDK complex

Cyclin E/CDK2 ' S Cyclin A/CDK2

! G1 | G2
Cyclin D/CDK2 &
M &t

Cyclin B/CDKI1



Marc W. Kirschner

» 1984, the dynamic instability of microtubules
» 1991, Cyclin ubiquitination
» 2003, founding the Department of Systems Biology

in Harvard
The Nobel Prize in Chemistry 2004 )
oA

@G. 26S Proteasome
> ATP ADP  Degradation
@ — (up R ;
i - - '
=C =
s W
Substrates @ Recycling
E3 —‘

Mitchison et al., Nature, 1984, 312:237-42
Glotzer et al., Nature, 1991, 349:132-8

Aaron Ciechanover Avram Hershko Irwin Rose



Oy
The discovery of protein kinase C **

» The fundamental concepts of the
intracellular signal transduction cascade

» PKC: activated in the lipid hydrolysis
pathway

> Albert Lasker 1989: PKC in tumor
promotion.

> 1995, the President of Kobe University

1932~2005

J. Biochem. 2010;148(2):125-130 doi:10.1093/b/mvq066 THE JOURNAL OF
BIOCHEMISTRY

JB Reflections and Perspectives
Yasutomi Nishizuka: Father of protein kinase C Yasutomi Nishizuka

[if =S

Inoue et al., J Biol Chem, 1977, 252, 7610-6
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Tyrosine Phosphorylation

.
| -
o €
3
9
oy L
.

Tony Hunter: kinase king Tony Pawson

Discovery of tyrosine kinase Discovery of SH2 domain that
binds with phosphotyrosine

Hunter. J Cell Biol., 2008, 181:572-3
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> Phosphoproteomics (##ig{t & H F2H)
®a. SEELXTEHMIREKRY. AL=FiEHE
& ~500KA53§E&14:14,‘“

& b. Xai




RERAARY RIS £ E %

» Phosphopeptide
& BELRCHYE & — Immobilized Metal lon Chromatographic (IMAC)
€ Liquid chromatography-tandem mass spectrometry (LC-MS/MS)

& RIFEFINBIREFR R HERILALS

> e FQS*EEQQQTEDELQDK
® H: 1.008 . IR WX
, 8.6 489
& P: 30.97 e - g
¢ Q: 16.00 \L - o
& H,PQ,: 97.994
> BRER: BT TR R e s e T E RS
 FEhTtLmiz=mi2 R RO
# H,PQ,: 48.997 I
# Neutral loss: +0.7 - I MR e . o ‘f??f"'f"ffﬁs

400 BOD 1200 1800 2000

Zhou et al., Nat Biotechnol, 2001, 19, 375-378

400 800 1200 1600 2000
i
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m/z
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¥
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m/z

48.9, FATIDL AR HN

Zhou et al., Nat Biotechnol, 2001, 19, 375-378
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Table 1. Phosphopeptide profile from yeast grown with glucose as a carbon source

Entry name?

Protein name

Phosphopeptide identified®

ENO1_yeast

& ENO2_yeast

G3P1_yeast

DCP1_yeast
KPY1_yeast

PGK_yeast

PGM1_yeast

ALF_yeast
GGPI_yeast
HS75 yeast
HS72_yeast
RL11_yeast
R141_yeast

Enolase

Glyceraldehyde
3-phosphate
dehydrogenase

Pyruvate decarboxylase isozyme 1
Pyruvate kinase 1

Phosphoglycerate kinase

Phosphoglycerate mutase 1

Aldolase

Glucose-6-phosphate isomerase
Heat shock protein

Heat shock protein

60S ribosomal protein

405 ribosomal protein

TAGIQIVADDLT*VT "NPAR®
IGLDCAS*S*EFFK®
SGET'EDT*FIADLVYGLR®
LVSWYDNEYGYS*T™R®
VIS*"NASCTTNCLAPLAK
VISNASCT T*NCLAPLAK®
TASGNIIPSST*"GAAK
NPVILADACCS'R
TPANAAVPAS*T"PLK®
GVNLPGTDVDLPALS EK
GVNLPGT'DVDLPALSEK
DVT*FLNDCVGPEVEAAVK
VLENTEIGDSIFDK
EGIPAGWQGLDNGPES'R
ASAPGS*VILLENLR
ELPGVAFLS"EK
SFODVPPIDASSPRS*QK
VYPDOVLY TS KE

FAIPAINVT*S*S*S*"T"AVAALEAAR®

EANVT*GLR
SQAIDEVVLVGGS*T*RC
TTPSFVGFTDT'ER
VLEQLSGQATPVQS'K
IEDVTPVPS*DS*T RC




BERRARE 5

> IMAC & MOAC: 5Bk 7E

CLiki=T

Ll

— e
> SCX: #mEgRKERTHIS =
IMAC TiO,-MOAC
é l O o
"Mo.. -0 0 e
Ee}s N p - O/ P s "
#0707 N
5Ny, Tio,  TiO,
SCX Anti-pTyr Antibody
o\\‘D c;

HN
V\gKO

aH ©
s

i /\

Grimsrud, et al., ACS Chem Biol, 2010, 5, 105-119
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> HeLaZl B Ut R E
€ SDS/PAGEFR:, 15*15*0.15cm
& Buffer front4cmByFHE= 1L
O IR+ XE: 0.4*15cm
> Strong cation exchange (SCX) it/ 55
®pH 2.76%, K, R, HFARKEENIRH IEEE
& Trypsinfigt)]: K/R|-(not P)
& K S HEKE T T (+2)
S EG I E . BESIRTE T
& BAERRK T LT (+1)

wlu

Beausoleil SA, et al. PNAS, 2004, 101:12130-12135



5% fHE X EiE (SCX)

> MR BUREARIUERY], AETAEIE

ki

> BRI E: 2,0005 AR AK
C

A
1007
pH=2.7 Net charge =
NH,-Thr - Val-Asp - Ser -Pro-Lys -coon 2+ A
@ COOH NH, O
NH,-Thr - Val -Asp -Ser -Pro- Lys -COOH 9+
+ COOH l‘;'_ ‘, NH, ')
HPO, 0
B i D
%0 100 1
3 &)
g 3 X
G 30 N
X 20 — 8
10 -
0 - - ol -

1+ 2¢ 3+ 4+ >4+
Predicted net charge at pH 2.7

o

3 17 RO BA B

AQSGSDSSPEPK 1+
ENS'PAAFPDR 1+
TVDS*PK 1 { TVDSPK 2+
DSSVPETPDNER 1+ et
LFQLGPPS"PVK 1+ | § LVLDSHWAFPK 3¢
L AYS*PEYR e |-
Ac-AEELVLER 1+ H
TLLEQLDDDQ 1+ | i
\K ,e'N/ \\
) ey
0 Time (min) 35
XXXXXXE* XXXX(K/R)
0 Time (min) 35
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A A
Ay, o

&8 fHE FRXRETE (SCX)

> e SRk R IEH T, EREIH 95
> BESRREESH, WEZESSE

>

A NH,= Glu-Gly-Ser-Phe-Pro-Glu-Lys== cooH B
I I® + 2 IGEGTYGWWYK
COOH NH; ( ) A
53— Glu-Gly-Ser-Phe-Pro-Glu-Lys== cooH IGEGT*YGVVYK
| I
COOH HPD® HH@ (+)1
_______________________ A .
IGEGTY"GVVYK
NH, == Glu -Gly-Ser-Phe-His-Glu-Lys== cooH
® | l I
CODH HPc@ HH@ r~||-|(:D (+)2 MN \ . : -
o 5 10 15 20 25

ime {min)

Ballif et al., Mol Cell Proteomics, 2004, 3:1093-1101



e

el
S

Hela cell nuclear
Prep (8 mg)

Preparative SDS-PAGE

In-gel digest of 10 regions
10 SCX analyses

Collect early fractions

l

40 reverse-phase
LC-MS/MS/MS

analyses

300 hr analysis time

525,000 MS* spectra acquired
12,000 MS3 spectra acquired

1,715 phosphopeptides identified
2,002 phosphorylation sites defined

HO

1001
MSIMS (MS?)
spectrum of
osphopeptide

=g
L]
i

Relative Abundance [0
o s

(o9 - spzeazs
[M+2H -H4PO ,J2*
- Prominent loss of

hn hc-n: acid from
M+2H] 2* ion

Informative fragment ions are
suppressed or absent

o ; b
0 ZN 300 400 IIJI:I
m/z
C 5B 127 224 323 411 b-ions
Gly_Lsur—Ern _h'al—lfha—tm—lj‘ru Axg
Iﬂﬂ 612 B33 388 272 4175 y-ions

g 1907 MSIMSIMS (vS?) Ya

o neutral loss

z fragmentfm above ¥s

o 75

2
ety 4.......E'.....~.,*""EL'"'

E WiB U iy L LY

& | U 2 e

&; 25 2 T T

0 J".- LY‘L. .“1“\1 i o | |.L |: i A '. oy .b.'; _}f‘ " .H

200 300 400 500 600 700  BOO

m/z




DhRe 7 #h

> 2,002 BRI AL -
€ Pro-directed (AKT, PKA, and Clk2) or acidiphilic (CK2)

C-b-b-Q-S-ZlUl"fjibb D 5-5-4-32-1012 3456

419, 22.9%

¢ F <00 OV TR I O MO

T < E<HUDONZEC R IO PO0R

= 2 8.

pT
T T T T T
0% 09.6% 19.2% 0% 9.6% 18.2%

*6-5-4-3-2-10123456 -6-5-4-3-2-1012 3456
E a F & am

LIl

B Splicing £ 9 &
8% E '
:

" Unknown H
DNA Binding ' - i
L L
: g
Protzin Kinase S -
i E 1 E
V Vv
Other Nuclear ;’ #
14% PS ' 2 pS
Mitochondrial ER/ Pl pT

Other Membrane

LTI LT ——
14% 5% 0% 156% 31.2% 0% 120%  24.0%



EGF#IE I HeLaZh

> EEBMIRUERRASF
€ Exp. 1: 0, 5min, 10min
€ EXxp. 2: 1min, 5min, 20min
» SCX & TiO, (MOAC, metal oxide affinity
chromatography)

& = EBBZRK
> 6,600 ML AL =, 2,244 FE
> pY, pT, and pS BYELHI:

€1.8%, 11.8%, and 86.4%

AR
o
Pl

Olsen, et al., Cell, 2006, 127, 635-648



EGFHIE I HelLaZmAR

» SILAC: Stable isotope labeling by amino
acids in cell culture

Lys "0" Lys "4" Lys "8"
Arg "0" Arg "6" Arg "10"
Exp.1 —_—
0 min EGF 5 min EGF 10 min EGF
Exp.2 —_—
1 min EGF 5 min EGF 20 min EGF

L .-

Combine cells and fractionate

e s

Cytoplasm Nuclear
£Digest \LDigest
SCX SCX
4 Uy
TiO2 TiO2

Quantitation and identification of phosphopeptides
by nanoscale HPLC ms3 on LTQ-FT



Relative Abundance

IR SREE
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FT-M5 full scan FT-5IM M5 IT-M52 IT-M53
MHzz+ - H3POy .
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¥i
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‘ ‘ n e hg"rg
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‘ﬁ%ﬁ&{‘t H,] KleLa\ 21{/’

> KIS RK A B m
> Class 1: A[(EE SHER
> 2915% M1 = FEGFifEiE

A B

Distribution of single, doubly, triply
and quadruply phosphorylated peptides

331132 _g5

Class 1 phospho-sites (C1)

1459 Bix
0 2x
O3x
D 4x

4197 W >4x

C
Distribution of phosphorylation sites by amino acid
Site Class | Percent EGF-regulated Percent
pSer 4901 86.4% 724 82.0%
pThr 670 11.8% 106 12.0%

pTyr 103 1.8% 53 6.0%
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> U FE ST RV ZH AR L Al i -
& 2,597 N AES K
O 2172 BB =
1,346 N EHR
®pS, pT, pY: 85.0, 10.7, and 4.3%
> BESRKE & : SCX + MOAC

> MRETTRIE R ERAES: S ARKBHES

[tems Number
Number of phosphopeptides® 2597
Number of phosphoproteins” 1346
Number of unique phosphorylation sites 2172
Phosphorylated residues (Ser:Thr:Tyr) 1847:231: 94

(85.0%) (10.6%) (4.3%)

Sugiyama, et al., MSB, 2008, 4, 193.
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R L BE S Haisk
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> pS, pTA a1 1E
> pYEX T ImEF
> B g S AbiET X EESREA

Number of proteins Number of phosphorylation sites
possessing Pfam domain

Pfam domain® Total (%)

ON (%)  OUTP (%)

pS 1014 317 (19.1) 1340 (80.9) 1657 (100
)

) )
pT 195 74 (32.2) 156 (67.8 230 (100)
pY 87 49 (48.5) 52 (51.5) 101 (100)
All 1118 440 (22.1) 1548 (77.9) 1988 (100)




fi =B i B (L LRV B B 57 #h

> IMAC & SCX
O %pS, pTHELEEIEEBI
O pYHEERE: pYHEMES, HHEX
> B R BR B ER (L Ik 4G10, P-Tyr-100

> EY)F[e)f: EGF (X KEF)BIRIN

€40, 1min, 5min, 10min, 20min

\ 4

fiLZEZFric: SILAC

OHMES, RitEE

Blagoev, et al., Nat Biotechnol, 2004, 22, 1139-1145



fig R B ER (L LR S0 4

0 min EGF 1 min EGF 10 min EGF
\m“_‘______,,/ \mh________,gﬂ \\“________,,/
26 Na-Arg 2Cc6"N4-Arg 13C6"°N4-Arg

~ |

Mix lysates 1:1:1

!

Affinity purification with
anti-pTyr antibodies

|

Digestion with trypsin

}

Protein identification and
quantification by LC-MS

/

EGF (min) EGF (min)

b "o 1 10 "o 5 20 !
Myosin regulatory light polypeptide 9 (GNFNYVEFTR)
1{ @ . 1 o ]
= =
F= &D F=
2 ——2-14Da 2
x x
£ £
L4 L4
= =
T T
o o
“ LY ||\‘ L
. \ | et EllJlﬁLJ.l_llulla ' U;.Ill_.'._gliuly' ".—'L‘LL.
624 B26 628 630 624 626 628 630
m'z miz
EGF receptor peptide (MLQEILHGAVR)
40 404
L ]
£ 2
< E .
g 2
= =
: 1IN L
'R - Y R 1.2 AL
625 627 629 631 625 B27 629 631
miz miz

STAMZ peptide (DFATEVR)

—

51 7 107

Relative intensity
Relative intensity

17 "li"'II"'LJ"'li"!ll'li'.l'l"lLl"Jn | 'lJF'ﬂvad@l'Jl'Jtﬂ.lJﬂHv

419 421 423 425 419 421 423 425
miz miz

Tt -> K

Tt -> AR



Western bloti&iE

| Lysates . IP : anti-pTyr |
0 1 5 10 20 0 1 5 10 20
LT T BT R
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—— e - —
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EGF (min)
EGFR

Ubiquitinated
EGFR

Epsis
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Chl-B
STAMZ

Grb2

phospho
ERK1/2
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PLC-gamma
Annexin1
ARP 3
BCAR
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o
I
Qo

Fold activation
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b40
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Fold activation

mm EGFR Epsis
— Hrs c-Chl
== STAMZ == Ubiquitin

1 5 10 15 20

EGF (min)
== EGFR ERK
== She pasg
N~
1 5 10 15 20
EGF (min)

Fold activation

o

Fold activation

1.0 = ARP2/3 == BCAR3
. Swiprosin1 =mBCAR1
mm Gelsolin
0.6 ///
0.3
T T
10 15 20
EGF (min)
60 = ar
== FLJ21610 - ATPase
LIM demains containing 1
== TOMI - like protein 2
== FLJO0269 - kinase
15
34

10 15 20
EGF (min)



DNA damage#8 < gy 5fis Mﬂ

» DNA damage
€ lonizing radiation (IR): 1hr
0ATM$I]ATR}§5I/§ 14 %IJS/T QIR

> DNA damage response (DDR)i& &
€ ~900/ 32 1R B BRER 1L 3 ==
¢~700MNEHR

Matsuoka, et al., Science, 2007, 316, 1160-1166



> g; ﬂ é‘ﬂ (I R) 5 Xj- ’H‘E‘Q X\ a 203T cells a

> SI LAC*H_; -I‘Er l1206.14N2i:L:Sg:ntdE[)1h:i’.\f4N4]'Am [*306.:2N:i:23£:‘5Nnm
| |

> tHmizlR1: 183 |

Mix heavy and light lysates in 1:1

> Eﬁt}] |' iﬁé E l Digest with Trypsin
J~ VH

Heavy and light peptides

> E ﬁ *ﬁ XOXXPTQXXXXR X0XXP TQXXXXA

E XO00XPSQX0000NK  XXXXSQ0OONX K

XXXXPSXXXXR XXXXSXXXXR

XXXXXXXXX K XXX

l IP with anti-phospho-SQ/TQ antibodies

LC-MS/MS

Quantification Identification
£100 s £ 100 XXXXXPS QUXXXXXXK
g : g
£ Light £
g o . Heawy 2 50
K v 5 ‘
D | [+7]
d o ¢ ! o

o
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B, i#1TWestern
blot#& M|

> FFHVRIE 1T -

ATM/ATREYE KK

)

A
IR - +

anti-pS1423 BRACAT
anti-MDC1

IP: anti-MDC1

BRCAL S51423:LEQHGSOPSHSY

MIC]1 S828:TRODGSQOEATEA

IR - +

anti-pS1423 BRCA1 El
ant-ZCCHCE

IP: amti-ZCCHCE

coAAL

%
%
0

[0<0
W0

o~ B>
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IP: anti-53BF1
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53BP1 S831:VEQDSSQPSLEL

R - +

anti-pS1423 BRCA1 E_ 54 kDa
anti-Ore3 El— 64 kDa
anti-Orc2 [N — 64 kDa

IF: anti-Orc2

BRCAl S51421:TEQHCEQPEREY
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anti-p51423 BRCA1

anti-Va

IR
anti-pS1423 BRCAI

anti-0Orc3

IR
anti-pTG8 Chik2

W5-ZOCHCE

IP: anti-V5

HA-Orc3
S516A
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WT

|
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B
|

IP: anti-HA

HA-Psf2

WT 240

il

ant-Fsi2
1P anti-HA
HA-VCP
W ST4RA
IR . + - *
anti-ps28 Chika | -4 ol |
anti-vCP | N W[ 205"
IF: ant-Ha
HACyclin E-WT  HA-Cyclin E-S59A
Enti-pS1423 antinS1423
WCE Grearip YCE “Brcatp
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anti-HA —— T —— |
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siRNA

10 Gy 6 hr

siRNASTER
& FTyH2AXZR AR RN
@ 76-125%: EMAK

J\
& 7T BRIk ERNEB R,

0 Gy

=

-

E > xEEERNE

10Gy 1hr

10Gy Bhr

=] Luc B
w0

-0 o & < m wne ] siRNA target
:Lxu_x(ﬂ.-ms: So0 ZNF281
QOoOFD=2ao ISFEFS&8E USP18
BLOITIXYIRRR a2
ELF1
KHRSP
- - - - FBEXL11
10 Gy 6 hr [ s HMGA1
- - - - - BAZ2A
HBXIP

BOP
[ LR T T Y R Eor
LATS
- s ae0® -8~ ZNF582
TCOF
NASP
HUMAT
REM14
SMARCAD
FOXO1A
RBM1D
’ SRCAP
WB: anti-yH2AX EHMTI
FIKP4
uspa4
DCK
[ LR R N R R N NN KIAA1542
b ATE1
- S e - BTEDIS
FEEE T R T EEY O CREBEP
[ CSTF2
- - e EEe. - - PHFE
KIAAT160
[ - e R - RENTY
RFWD3
- W s - TPR
MGC11271

WB: anti-Ran % of Control

#

<50

51-75 76-125 126-150 151-200 >201

#2

#

2

#1

#2

¢ HR: [IREZH

€ G2-M checkpoint,

® Intra-S phase checkpoint
& yH2AX €,

C

FOXO1A
HEXIP
HMGA1
KHASP

[SRCAP |
TCOF1 __|TCOF1

ZNF262

ZNFI81

ZNF592
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A Oncogenesis
Immunity and defense 25
25
Cell proliferation and differentiation . ) )
3 . Nucleoside, nuclentide and
Intracellular protein traffic + hucleic acid metabolism
2 202
Cell structure and motility
40
Signal transduction
B5
Developmental Protein metabolism
processes and modification
51 Cell cycle e
T2

> B 5FrekFisher’s

exact test

Chromatin packadging
and remodeling

Pre-mRMA processing mRAMA transcription

DMA replication,
recombination and repair

O

-log(Significance)

ation

Cellcycle
Nucleic acid

Cellular assembly
Cell death
proliferation
modification

metabolism
Post-translational
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and interaction

and organization

Cellular function
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Gene expression

RNA post-transcrl?lional
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Cell morphology
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Cell-to-cell signaling
Cellular growth and
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> AKT-insulini@ 3 5SDDRIVEBE X FR
> KEGG
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N
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R NV V| Bk X Stress
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/f o . YBBE Ry H i
PR P2 N *
T Pro¢tein F acid Glycogen EéK\ptz
synthesis synthesis synthesis Lipolysis Apoptosis ) Cytopl
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R

Transeription —» Cell growth
Apoptosis +———  Transcription
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> 21K /R BY BT A
€90 mgfFREEH R trypsinfgi]]
€10mg: SCX & IMAC
480mg: pY-IP
> 5,635 NMHERILALS, 2,328 Z
> B L AR ARy & TN
®RRxs (PKA), LxRxxs (CaMK), and RxRxxs (AKT)
€ Casein kinase ll:sxDxEXE, sxxEE, sDxE, and sDxD
®MAPK: PxsP and PxtP
& “Dipolar’: Rxxsxx[DE]; R#WE %, D/EEZH

I

i

Villen, et al., PNAS, 2007, 104, 1488-1493
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B
> SCX + IMAC 1{%5[ amulmfm[smp-mﬂmpﬁd-s]
/\ Fmekfine 08 | l 40;‘:‘“—' FF) |
®151-SCXH 5> 4038 s st

2149 proteins

Site localization
Ascore
A [:1" (> Trypsin digestion Locatized znw. Localized <99%
Lysis Extract motifs | [ certainty }
31'50 sites 2080 sites
90 mg peptides 27955, 3391 26 Y
A, 800
80 mg 10 mg 2 600
2
enrichment | ﬂ: g™
scx
0123456189101112131415Avg
b, SCX fraction #
Bg 10 .3P
A A ﬁ&ﬁhﬁ%i\ﬁ L =
W pY100Ab N T TTETH g & ®
2 UUUUUUU VYUV £
: ; :
l Er;‘i;j}";n' EHTE;IEE}I‘ d l l l l l l l l l l = 0 12 3 4 56 gcxgrac:m:: 1112 13 14 15 Al
N Qﬁjsﬁgkrmmu m cy -
" £ 80 +
v UHUUUU | "
pTyr peptides -E 40 . 4
B 01234 86 76 0101112159018 A8

SCX fraction #
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> fﬂiﬂﬁﬁ 22573 : BRI 51 2 /AT 4 A
> CDKs%ﬁE’&Eﬂ#ﬁiﬁ 225 R RBEF

O IEFEP AL T ENEE: EFEDSHK

®Hela cell cyle: 18-20hr A
» Double thymidine (DT): .

#2.5mM, 19hr -> G, S phase "

®Release, 9hr
€ Thymidine, 16hr -> G,/S
€ 0.2ug/ml nocodazole -> M

/

Dephoure, et al., PNAS, 2008, 105:10762-10767
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> SILAC¥rIC
¢E: FEIPILARR
®iz: G, M

» SCX + IMAC & MOAC

> 48 1N H 5

G1
33,501

68,379 total phosphopeptides

G1 | M
8.420 11,417

2,848 —

14,265 unique phosphorylation sites

Heavy Light

= =
Asynchronous Arrested
\ / 1.G1
Tl 2. M-ph
Mix Lysates phase
Trypsinize a.‘_ l
V-__ .

Strong Cation l

Exchange
Chromatography

Phosphopeptide ,&/ N .
Enrichment , .
IMAC TiO
N

i

|

48 LC-MS/MS

|
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> ZiFIE (2 2.5 fold) vs. RZFHZ (<1.5 fold)
> MEABER LAz =
> [pSIpT]PiR{FTE&E -> CDKs

A 2500 B g3

4000 n=6,536 8000 n=14,054
3000 6000
2000 2000 1000 4000
§ G1 1030 Lr::; 800 M 20%0
@ 1500 531135 [o) 5434135
g g 600
1) O 1
(- 1000 o
400
0 ! 04
O X D 4 N O N QY B X O ADHOBXDAINONYD XD 0A
Ioslraho —h R EEEEEEE— Iogzratio —
Less Abundant  (L:H)  More Abundant Less Abundant  (L:H)  More Abundant
C G1/Async  M/Async D 350 E 300
6000
> 250 A
c 200 -
5]
& 150
(]
(L 100 4
50
0. 0 - .
D 4 N O N 9P 0D CHMEDANONYLDL KD O
logyratio (L:H) logpratio (L:H)

[m = [pS/pTIP m = [pS/pTIXX[D/E] m= [R/K]XX[pS/pT] m= All Other |




“H B [ BA RO B BE AL 2 53

> Fil FA NI 5504% He La2 Bt BH B 7£ 20 B B HA B9 & N BT HA
> SILAC + SCX + IMAC & MOAC: 6,0271E B &R, 20,443

7

(.
/AN Y)Y
Exp.1 \.|I'|
3.5 ah
100 4 ; oyg 5T
a0 o 25
€ 2
2 1]) F
g 801 F
m = 1.5
T 70y g
5 {1 5 1
2 40 2 Geminin peptide:
> 0.5 EMELSAGLSK
-
= 50
T 20 Gy Gy/S EarlyS 5 5/G; M
] Cell cycle stage Async
] 5367801 5287767
301
209 [ |:||'=| 5267822
3 H oo Ri3h
10 524265?éi??05 ' 52”45,5 520.2779
[]--J.‘L. IL_..I.II . .‘.ﬂ."": ——
523 524 525 526 /7 527 528 529 530

Olsen, et al., Science signaling, 2010, 3, ra3



‘MAn A EARRER (L AR i

A Hela phosphopeptide clusters

5 &
> >500/ HIJIE. E }ﬁ v ooV F o Heat map of cell cycle-regulated kinase substrates
OHY ER IS ":t ps201 M Gy G4/S Sgary State G2
- GSK3 group
CDK5
ﬁ%ﬁ%ﬁﬁ = &
pT67

7}(—; pt

B
> ﬁiﬁﬁ-fﬁ'@%
& M: CDK/MAPK
& Hi: ATMATR

cdc25¢

p38 roup
CDK2/3_group
ATM_ATR_group
SLK group
YSK_gro

NEKT/ 234 '5/11_group
AMPEK_group
MSN _group
PAKE_group
PAKA” group
LKB1
ROCK_group
Aurol

CDK4/6_group
PLK1

SGK_group
RSK_group
AuroraC/B_group
EIF2AK2

CHK2
PKGcGK_group
GFIK_group

CKA1 f

MAP2 3 /6/7_group
PKD _group

PimZ
CaMKlla/d_group
PKA _group
Pim{/3_group
B?ObSK group

DMPK_group
PKB_group
MST_group
TLK group
CaMKlI grou
ACTR2/ TG
PKCfgmup

Low High CLK_group

E PR2_group

CK2_group



B2 Cdk1 MR AL SRR ST

> Cdk1$PHIF -
€ Pyrimidine-based inhibitor 1-NM-PP1

> EE R SSAT{K

®cdk1-as1; arg44; lys1A strain  "°
OEEMAK & RAfELERE :
> SILACHRIC : :
®Heavy: 1-NM-PP1

& HFICdk15E M

¢ Slighttb P o 5
> 8,710, 1,957 1MERR o0 s

==t UNphosphorylated peptides

€>95% confidence = All phosphopeptides

Minimal consensus (S/T*-P)
m—=Q==Full consensus (S/T*-P-x-K/R)

Holt, et al., Science, 2009, 325, 1682-1686



Cdk18Y %R 14 1_L,‘“ P,

> CDKHImotif:
& pS/pT-P
> HNHIEL B -
O HEFEMNS: BIFNRIAIA RS
®pS/pT-PERARMAUSHETIE
> FELL LN EN
3081 ERK, 547TMim

B Amino Acid
ACDEFGHIKLMNPQRSTVWY

-4

3 +10.0
c 2 +6.7
0 1 +3.3
= 0.0
o +1 El 3.3
o 42 6.7

+3 =] B -100

+4

Log,, p-enrichment

/20

G994

1957 (8710)
832 (1620)

308 (547)

604 (1300)

# proteins (# phosphates)

] Total

Consensus motif (S/T-*P)
0 A>2fold
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Translation Actin & Cell polarity
SLA2
BUD4
BEM2
PEA2
HBT
VRP1
BUD6
Fold change STE2
_ -
»2

Secretory

Cytokinesis

BUD3
YMR124W
CLA4

FLCY

e SPC29  SPCI05
Nuclear transport 5pC42
POM34 o .
_ = Kinetochore
NUP1
CBK1 ASM4

e

NUP159




Fraction of residues &

Cdk 1L REILEHFRFFIS T

> CAk 12 IR = RS A FFAIE -

& ETE L4 fFLoopFiDisorder

> “RERTE” -
¢ L NEYEEZICAKIBINLE
L 2= bd EF: g 55 i

1

0.6 -
04

02 A

p<10'? p<i107™
N Al proteins

Helix Sheet Loop Disorder Domain

Structure prediction

Number of proteins

10000 -

1000 -

100 -

10 A

X 3

C
M Cdk1 Actual |
B Cdk1 Expected | &
| [ =
p< 104 8
-
‘ L
(1

01 2 3 456 7 8 910
Number of phosphates

06 -
05 A
04 -
0.3 -
0.2 1
0.1

F§e,
320 9

B Cdk1 Actual
B Cdk1 Expected

p<i10

025 075 125 175 225 275
Normalized inter-phosphate distance
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> REYCAKI LR RST : HUIEHRBIR
> “Site shift position”

A

charcmyces

Sa¢

Candida

Clade

Clade

Site A Site B

v v
[f= === == == SEPAEVPKNETPAAQEQPMP=DNEPKQEDTS I
SLSPAEIPRDETPVAQEQSKP=DNEPKKEDTSI
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> FuME: Centrosome, spindle pole

® SHRIES

o BEHE,

, WHIE
EEES

>“MW§AWMﬁM
®IP: MIp2-Protein A

Linkers

‘.. y-Tubulin ‘ Half Bridge

fa  Complex Y
- g .

xg% ""

32 o V Membrane
AP TS xﬁ"‘t" \, Anchor
'~ 4 r. -:_') o e

Nuclear Envelope

Central Core

4
1

S s Bt e MTs

Keck et aI Sc:ence 2011, 332, 1557-1561
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KELS
> JEREZHE, G, M
> Spcd2: 32MEERILALS

Centrosome Total S/T(P) Y Coverage Cdk Mpsi Cdecs Human Centrosome Total Unique Total Unique Shared
Proteins Sites Sites  Sites Kinase Kinase Kinase Homologs Proteins Asynch Asynch Gi G1 G1M
v-Tubulin Complex y-TubulinComplex
Tub4 8 (1) 1 2 8% v - TUBGT Tub4 0 0 2 2 6 6 0
Spc9s 9 2 2 65% v v TUBGCP3 Spc9s 3 3 3 2 4 3 1
Spc97 5 (1) 0 1 54% TUBGCP2 Spc97 0 0 3 3 2 2 0
Linkers
Spci10 31 3 3 96% v Y Kendrin Spc110 16 6 14 9 16 11 5
Spc72 19(2) 3 0 92% v TAcC' Spc72 5 2 2 2 15 15 0
Cmd1 7 (1) 0 0 91% Calmodulin| Cmd1 4 4 1 1 2 2 0
Core and Satellite Core and Satellite
Nud1_____ 52(2) ___5._____ 1 N%_ ¥ = __¥__Centriolin)____ | Nudl______ 27 ____ 10__| . 18____2_|__ 40_____ 29 _|__. LA
Spca2 31(1) 6 3 96% v v Spc42 25 1 20 3 27 10 17
Spc29 T 32(2) 4o T 100% VTV TTTTITTTTTTTTTITTT Spec2g T 26 T - A - R A I [ [ TV B
Cnmé7 22 6 3 100% v - Cnm67 16 2 15 4 16 5 11
Half Bridge Half Bridge
Kar1 7 (1) 2 0 63% - - Kar1 6 3 0 0 4 4 0
Sfit 11 4 0 42% v - HSfi1 Sfit 7 4 2 2 5 5 0
Cdc31 4 0 0 98% v Centrin3 Cdc31 3 2 1 0 2 1 1
Mps3 0 0 0 7% SUN domaln’ Mps3 0 0 0 0 0 0 0
Membrane Anchor Membrane Anchor
Nbp1 27 6 5 90% v Nbp1 20 10 12 4 10 5 5
Bbp1 20 3 2 85% v Bbp1 12 4 12 6 10 4 6
Mps2 11 4 0 75% v Mps2 9 6 4 3 2 1 1
Ndc1 1 0 0 24% Nde1 1 0 0 0 1 1 0
TOTAL: 297(11) 49 22 TOTAL: 180 65 122 54 178 110 68




SpcA2RSEAILITIRETAE

> 8NMNCAk1fEIFiLrs: 8A
> 587 HIssHMERIZA LR

Spcd2-GFP Spcd2-8A-GFP GFP WT 8A

A W B
; > ( ) w—— o | 0.-GFP
( ( % | — 32p
0 1 0.07 Relative P




TubdRiBRILRITHEE

> S$360 22— MATRYEBTECIK1 B ES (LA =
> BRI REER 1L S360D :

‘ ﬁ 22 ﬁ%ﬁi& . 1 %TUbUI'”AT“K Regional Conservation
O EHIGEAEKIRE
0 0.6
L 25°C :g 0.4 -
B 0.24—

0
0 50 00 150 200 250 300 350 400 450 5Q0
Amino Acid Position
89% B y=Tubulin (Tub4) Positional Conservation

o O

tub4-S360D

44% 27%



B £ s fig

O 37N - AL

€ 116>3&?

"k

& 8 A :

FHI 77

> TWARE4ER
S 97/\NHEE, 27/ HESES
€>1,000 M EEER{L BB R
€ 8,814 ZiBIS R IER 1L

LA

> B R R A S S BB EG: 161
> R RO RN MEBD R

Wild-type
yeast cells

* Proteome isolation
» Protein digestion and phosphopeptide-enrichment

miz

t

Kinase or phosphatase
deletion mutants

o LC-MS/MS analysis and map creation
« Bioinformatics analysis

L]
oL

[ ] N

i‘—bTR

(P
Example: IA%PIQH EHDSGSR (phosphopeptide)

Wild-type abundance
Mutant ab. (ACla4)

Fold-change (median, logy):-3.76

1523.3

1240.6

1240.6

47.0

112.8

33.1

P value: 8 x 10-05

Bodenmiller, et al., Science signaling, 2010, 3, rs4




> BiEHE{ER:
& T EE/RARATE . RRERRARR (L TNB&/ LT+

> [B)FEREL: R227?

Peptide abundance ~ ACtk1 ASnfl APsr1 ATpk3 ASsn3 ASit4 [..] b
change (logz-ratio) \ (PK) (PK) (PP) (PK) (PK) (PP) (124 perturbations total)
K.SVQKQDEDPLS'PR ' 3.85
R.AST*AVESLDNHPPK
K.ETES'TTIPNDSDR
K.HNMSTQADNS*DDEELQK | -1.
..EPTTVSYEIAGNS'PNAER | +1
R.YLMQPLQEMS*'PK

(-]
(8814 observed changes o

in phosphopeptide
abundance)

| = 1

Significant events: [ False discovery rate 0.015; fold-change >= 1.5 (abs[logp])
/ \
/ S~
B Directionality of response as expected I8 Directionality inverted

(Kinase deletion: decrease of peptide; (Evidence for indirect effect, that is not
phosphatase deletion: increase of peptide) compatible with direct molecular target)



WA, WMEAURY

> A~ [E) s Akl B 4R Fa AV 2 g AN [5]
M K: 43X
2n/)s: MAPKIERE, (55#5

!—Iighest High-impact kinases or phosphatases
Impact e Bud32 Interphase of mitatic cell cycle
Sit4 G1/S transition of mitatic cell cycle
& Pph21 Mitotic cell cycle
L
' 4 Low-impact kinases/phosphatases
#1' Prr MAPKKK cascade
| v ‘[* Mek1 Osmosensory signaling pathway
Low impact ¥ i }' Rck2 MAPKKK cascade during osmolarity sensing

— 'ii —_—

Wy High impact
No impact ff'i' HJ

Perturbations, ranked by impact
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> 3-week-old male Swiss-Webster mice

€ Brain, brown fat, heart, liver, lung, kidney,
pancreas (fEBR), spleen (f#), and testis

» SCX + IMAC
€284,000 phosphopeptide
436,000 MEERLILS, 6,296 EFEHK
01FxBElri BKEZ (0. 15%) EAHKR(.7%)

Locallzed Non-localized (C

50 T R T Testis 0.8 ® Relative
- :g T g Spleen Abundance
E 35 . Pancheas = U ® Phosphorylation
3 30 Lgng Frequency
£ 25 iver 0
£ 20 Kidney ’

g i(s) .__‘—“—\__‘__._—. Heart :
(o] 4
S Brown Fat fee==

5 I

0l ————— ‘ ‘ Brain _

k.\o ?:\ ES\ 00, \ ‘_b \} 'y (}Q‘bh overa” — O?_ | & -l -

o
Q:

Ey 0 10 20 30 40 Ser Thr Twr
¥ Sites (Thousands) 4

Huttlin, et al., Cell, 2010, 143, 1174-1189

o
s (o)}

Fraction of Sites

o
()
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> KM AL S RALNIFRMR
>1X7ﬁ"‘“|3ﬁSITIY_I?)§Z1I“’£fﬁ 5%

14 = Discrete 1.0 . : .
T-r 15 — cumulative 109 2 g  Phosphoprotein Extent of Modification
= aam
& 08 2 Ave: 5% 8% 3% 1%
€ 10 07 2 1.OF o o 2
T 0.6 & @ o 2 o
= 8 - = 0.8 E
w (=] o 1]

o 05 9 = 3 B o
r - e o go6}
g (0.4 © £ o o
| < =
g 4 035 85o :
L] 2 B S o2}
g 2 | I I 0.1 w = ainih
z [] . . I I I I. I ] A l. | ———— ﬂ '
1 ¥ 13 15 17 19 21 23 ">25 AllS, TY Ser Thr Tyr
Sltes Per Protein G
F 320 1 g 204 Tissue-5pecific Site Counts
c 18 09 £ = 18] 100% P
v 16 L 0.8 5 =B
. c 16
c 144 07 ¢ g
5 R 14
E 17 06 = 3172
£ 10 05 = _E ]
. 10
5 8 04 'S E gl

3 4 02 : S y 1 17%

8 41 il S o 41 139

2 3. 01 E 2 2 P11% 7% 6% 596 406 30

2 0. b0 O 0

1 2 i 4 5 6 7 8B 9
Number of Tissues
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> BRI LG : AER-RHMIB X &R
> BEEENERGAFMN

Syk Network Vamp Network Bad MNetwork
Phosphorylation Protein Phosphaorylation Protein Phosphorylation  Protein
S'}fk MNetwork brain e ® Sastht ‘}1
i _.'._ ¥ b ﬂ.}l . i
5#'- VoL o 1y =
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Ptacek, et al., Nature, 2005, 438, 679-684
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TPK1
TPK2
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PKA
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Pho85 only

Pho85-Pho80
Pho85-Pcl1
Pho85-Pcl2
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Breitkreutz, et al., Science, 2010, 328, 1043-1046
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> B AL =S TN SR & I
& IR A RIS E: Motif-X, GPS
> Wlig 1L 4R RO F 2
& HEE- R BBERLIN4E : NetworkIN, iGPS

Xue, et al., Curr Protein Pept Sci, 2010, 11, 485-496
Ren et al., Curr Protein Pept Sci. 2011, 12:591-601
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Motif-X

1fR4A#3E: Phosphorylation motif

Step 1

(recursive motif building)

]

Data set |
frequency
rmatrix

Phosphorylation
data sat

EXVAYRIAAVLeDEETEE KRASAE
EEEQEADEEDV s EEERES KEGTH
PREELRSECRACDOSVETSSSDC!
PEQ
PEESLLEPEREPRSALTIGLEA
THEDSKILLVDEDOMCHADDEQD
o DOPCERLISTE
PESFELNMECLEPZRERSGSESS

Binomial Mast significant
probability  residue/position
matrix pairs

—-

P

<————

CLEFFLEPQELSPLEATVFTEVE
ERESTRTESPSPLDT LERVARD

R/-3

TOLACRSRSCECDEV Cglcula_te
ITEATSQSVEGEPGAEIFSLEST binomial R-5
Bac'gga?}l_‘:d probabilities RS
Background probability Nene s/0 PA R/-3
data set ratrix * R
£....-.-8 HIOOO0CS KO000C woooasProooo: ooFbosPoooo Enalnent

EXVAFRFAAVLESOECEERASAR
SEEE ™
PREELRERGRASGIHY
FERCAVPEEENESECEEFSGWEGH i
PECESLLEDIDSEALTFEDCLGA
THEDSEILLVDSGHMCTHADDEQR
CGRHPSEERAESTRGSRLESERE
TEIPELMEECLE
VPKLTSPVTEISIQASEVETAVE
CLEPELEDQELELEATVEVIEVE
ETESSTRTRECEICILEHEVAAD
TPLEQREREGSSVDEKICORLED | |

<—————%

DTEATSQEVHEEQRECTSWLEET

Exiting criterion

EEEQERDEETVEEEERESEECTH

TREELEERIRAZCSHVSTSSEDS Algorithm is complete R 3 E
bk when the binomial ;:';H‘“-H. g P;?\;i ? :

THEDSEILLVDSGHCTHADDESY probability matrix reveals ] S
CCFRMPSEERAESTRGSRLSSEPE . .

TPESPELNNECLEFRERSCSSEEE na Slgnlflcant
VERLTSEVTELSIRRSEVRTAVE residus/position pairs at
GLEPELEPQELELSATVEWPEVE the start Of STE P 1
SPCESTRTREPSIOILEMEVAAD

TPLEQRERSGESVDSXSGCRLED Removal of all sequences
DTSATS0EVHGEQREQFEHLEET containing motif discovered

in STEF 1 from the data

TREELESRIFASCIVIRTSSEDZ set and background
PLCAPTEEENESEDEEDSCVECA .

PREELEERCRASCCHVSTSSEDS Sequence |IStS
FECAPFEEENECEREERSGWVEGA
PCCESLLCPCPEEALTFETCLOA
THEDSEILLVDESCMCTHADDEQD
CCRMPSEERAESTRCSRLSSEPE
PSSTELNNECLEFRERSCSSEEE
VEXLTSPVTEISIQASEVETAVE

Step 2

(set reduction)

Schwartz, et al., Nat Biotechnol, 2005, 23, 1391-1398
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Table 1 S-centered motifs extracted from an in silico generated protein data set
containing the motifs RxSxxL, RxSxxP, TVxSxE, DxxSQxN and KSxxx|

Motif* Score** “S”—centerf:d data set Backgrnunc! data set
(Matches/Size) (Matches/Size)
....R.8..L... 32.00 199 9,774 /58 111,506
....R.8..P... 28.82 192 9,675 547 110,748
...TV.S.E.... 40.85 137 9,383 154 110,201
..D..SQ.N... 40.46 128 9,246 135 110,047
..... KS...I.. 24.15 158 9,118 413 109,912

*P < 10°®, occurrences = 20. ** Score = T-log(P).

Table 2 Motifs extracted from an experimentally validated data set of ATM, Casein Il,
CaMK Il, and MAPK kinase substrates

Motif* Kinase Scorg** Phospho data set Background data set
(Matches/Size) (Matches/Size)

...... eD.E... Casein Il 29.83 33 298 55674 1,279,892

...... g..E... Casein I 16.00 70 265 /7,819 1,274,318

...... g..D... Casein Il 16.00 51 195 61,044 1,196,499

...... 80. .. .. ATM 16.00 38 144 51,451 1,135,455

...... gP..... MAPK 533 29 106 80,073 1,084,005
T CaMK I B.78 21 77 57,969 1,003,932

*P < 1075, occurrences = 20. ** Scare = T-loglP).
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Group-hased Prediction Syst CPS 2.0

Group-based Prediction

¢ [ Kinase Position Cade Kinase Peptide Score Cutoff

¢ [ serinefhreonine Kinase 17 s AGCIFKA GGPLRSASPHRIAYE 1.991 181
S te m 175,
o LAk &7 5 ABGIFKA MAEAPRASDROVRLS 2282 181

o [JCI DMPK

a4 5 AGCIPKA SDRGYRLSLPRASSL 2142 181
g 2 ;
X 2 -q:- Sl
A Y 100 5 AGCIPKA LSLFRASSLNENYDH 1,951 181
—E. T}\ q S~

126 5 AGCIPKA ERVSRFDSKPAPSAQ 2228 181
177 5 AGCIPKA LLROGERASLODRKLD 243 181

| ]

[ ] | ]
756 3 AGCIPKA QALERKYSKAKRLIK 3774 181

a14 5 AGCIPKA NLATLRMSNST™ 2861 181

N
A p o ] atypical
o [T Other Enter sequence(s) in FASTA format
MMKTEPRGFGGFLRSASFHREATEAGIGALKPPDAR GPDEAPKAASHHKKY GENVHRIKSMFLOMGTTTGPFGEAGGASGIA

[[] 3 Tyrasine Kinase
- (097K EAPRASDRGYRLSLPRASSLMNENVDHSALLKLGTSVEERYSRFDSKPAP SAQPAPPPHPPSRLOETRKLFER SYPAASGGD
KEAVARRLLRGERASLQDRKLOVWRFNGETEALDKLDADAYSPTVEQLSAVFEKADSRTGLHRAP GPPRAAGAPGVNSKLY|

E ! A ; E [TKRSRYFAOPPPPPPAPSGDAATEKDRGPGGAOPPOHRYAPARPPPKPREYRKIKPVEYEESGESEAESAPGEVIQAEYTYHA)
u > \ ! ‘ ' (ALENGSTTATTASPAPEEPKAEAYPEEEASSEVATLERGYDNGRAP DMAPEEYDESKKEDF SEADLYDYSATSGLGEDEGGE

I \ ™ u , ‘ ‘ ‘ (* EEDDEEDEEDGERPPYEPESGCYEIPGLEEEEDPAP BRKIHFSTARIQYFSTYSNEDYDRRMEDVDPMAASAEYELEKRYE
—— RLELFPYELEKDSEGLGISIGMGAGADMGLEKLGIFVKTVTEG GAAHRD GRIQYNDLLYEVD GTSLYGVTOSFAASVLRNTKG

-

IFAVRF I QSEVAQLIOGTLEQERWOREMMEQR TADYGEDDEETGEYATDEDEELSFTFR G GEMAIEYFELAENED
\ LS PYEMEP EKLYHKFKELQIKHAYTEAEIQQLKRKLOSLEQEKG RWRYEKAQLE D SYEENKERMEKLEGTWGEAQSLCOA
I ' t [ DEHLRETQAQYOALERKYSKAKRLIKDYQGKEIEFLKKETAQRRYLEESELARKEEMDKLLDKISELEGHNLATLRMNSNET
7\ / \ TS # Threshold Console
) High @ Medium O Low Al Example Clear Submit

‘can be found at
org/eguConenyAMT00574-MCH

‘Supplemental Mater

& In vitro: §18
¢ In vivo: 215

GPS 2.0, a Tool to Predict Kinase-specific
Phosphorylation Sites in Hierarchy*

Yu Xuet§, Jian Rent§, Xinjiao Gaot, Changjiang Jint, Longping Wen#|,
and Xuebiao Yaoi* 11|

1B

Xue et al., MCP, 2008, 7:1598-1608
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> 1. SREMSAREL :
AQESILR (Phos)

IQESLIR (Unknown)
> 2. IS E:
€ -1+5+5+6+2+2+5=24
> 3. ERIE:
¢ (1) AEMEBSNGEFF—/ M
BRI RILLE:, TEEESE
®(2)BT: <0
& (3) RE&E: T
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-2 0 &6 1 -3
-2 -2 1 & -3
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ES 1L Blinear motif atlas

» NetPhorest
& LR M MRA: SRk, MEBRLEs
¢ 23 PSSMAERE
& HLARFEIEE

> 179N s

> 104 BB B3 R o
€ Src homology 2 (SH2)
€ Phosphotyrosine binding (PTB)
4 BRCA1 C-terminal (BRCT)
*WW
¢ 14-3-3

» http://Inetphorest.info

Miller, et al., Science signaling, 2008, 1, ra2



Manual annotation of

dentification of
ssssssssssssssssssssss phorylation sites
E : \i .
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#Contextual filters: EHRMEEIEH, L1 ™
%l—\ a‘sE.{-Lé @

> A%'S@'éﬂ&ﬂ:ﬂ T { °‘ % &ﬁ
3,978 &R I, 73/\;%5@@, 22,224 %% P bt dienesl  boptant 0 M

Eﬁ E*l% [ ﬂp p@ Rad50 )
> SCOWIHIF D /

4 CDK1121F53BP1
& ATM{Z{HRad50 @ C

& GSK-31&{mBCLAF1 L]

= 3
Linding, et al., Cell, 2007, 129, 1415-1426 ’




Contextual filters

> IRBEEARBEERAMSE, THESRISIINAEE
> TR BEMBEHXIERS
> E—SERERLEMNER

Nucleus Cytoplasm 80

10003 [ motits onty
Substrate preference D I] . I] NetworKIN Y
1 x O X @
¥ 0 -
18 & & 2 &
60 —
o ATM o o - i
MAPKS MAPK10 o 47
CDK2 o ) 48]
Nucleus A0 = 0
CDK1
O §
CKi1g o h 28] 27
CK2a 20 —
ﬂ
0

Prediction accuracy Sensitivity
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iGPS: ‘in vivo’ GPS %

“MRIRE"  HME-RYZ B E
EHEEIEH |
iGPS: Poses e ™ e ke 0w e

NetworKIN 1.1
AGCIAKT 98.87% 58.89% 99.44% 0.5865 98.81% 52.22% 99.47% 0.5445

‘ GPS 2-0 AGC/PKA 9224% 3220% 9328% 01277 09267% 5756% 93.28% 02481

Atypical/PIKKIATM ~ 97.60% T77.42% 97.83% 05204 97.47% 75.27% 97.83% 0.5080

‘%Eﬁﬁ'*ﬁﬁ{’ﬁ%{plh‘ CAMKICAMK2 ~ 9843% 585% 9991% 01671 9851% 1064% 9991% 02580
03614

CMGC/CDK/ICDC2 97.29% 035% 9954% -0.0023 9746% 7.72% 9954% 01377
OtherlAUR/AUR-A  9161% 32.73% 9266% 01244 9215% 5455% 9282% 02201

CMGC/MAPK 9345% 6534% 9406% 03312 9360% 71.12% 94.09%
‘ ﬁ# 1{ E rr-[.;. *E CMGC/CDK/CDC2® 9458% 4667% 9569% 02825 9475% 54.04% 0569% 03268
% —E.%ﬁ Other/CK2 90.17% 55.49% 91.14% 02611 90.256% 54.85% 91.24% 0.2495
53 SPS 1.0 G algorithe vith the snteraction filter TK/EGFR 8526% 1216% 9697% 0.1554 9142% 5676% 96.97% 06059
il SweregE TK/Src 90.04% 2397% 9540% 02141 9069% 3264% 9540% 0.2956
[r OSrente e T — e ——————— NetworKIN 2.0 beta
7 moies L Pog - AGC/AKT 9855% 4278% 9933% 04436 9871% 5444% 9933% 05334
: AGC/PKA 96.02% 3244% 9711% 02110 9631% 5024% 97.11% 03244
s AtypicallPIKK/ATM  9390% 91.40% 9394% 04064 9460% 9032% 9467% 04246
: CAMKI/CAMK2 91.18% 27.13% 9220% 00881 9156% 4947% 9223% 0.1866
CMGC/MAPK 96.80% 159% 9887% 00063 97.43% 31.08% 98.87% 03280
:

PGEDSENAGTIGET

' | ! U Ohercke " 777 80.06% T7532% 801%% (02002 " T965%  §034% “8019% 0161 ]
2 TK/ABL 8900% 1333% 9672% 01449 9054% 3000% 9672% 03323
' TK/EGFR 8470% 1216% 9632% 01362 9142% 6081% 9632% 06162
TK/Src 9088% 207% 98.09% 00029 9218% 1942% 98.09% 02611
TK/Syk 8667% 208% 9968% 00806 8917% 2083% 9968% 04051

Options Console

Organism H. saplens - Forma | PhosPep - PhosPep Clear

Threshold |Low - Inferasction | Exp.String - Mtwrark Submit

Song et al., MCP, 2012, 11:1070-83
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SdpAe]

. String & Exp. PPI No PPI

Organism _ _

PK Sub.? Site ssKkSR Ave® PK Sub. Site ssKSR Ave
S. cerevisiae 91 1,598 7,041 2099 3.0 91 2,658 12,889 145409 113
C. elegans 110 272 544 867 1.6 302 2,153 5,112 107,738  21.1
D. melanogaster 140 888 2,697 6,191 2.3 172 3,896 13,656 236,780 17.3
M. musculus 358 2,349 11191 45032 4.0 415 8219 43,131 1,588,383 36.8
H. sapiens 380 4140 22817 113,923 5.0 407 9,452 52909 1,922988 36.3

i Total 1079 9247 44200 186922 42 1387 26,378 127,697 4001298 313 ,
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S. cerevisiae H. sapiens




Neuronal autophagy

» In Alzheimer’s & Parkinson’s diseases
€ Proteins accumulate in central nervous system
€ Defective autophagy in patient brains

» Enhanced autophagy

€ Neuroprotective by promoting the clearance of disease-
associated aggregates

» Small-molecule autophagy enhancers
@ Uncaria rhynchophylla (Gouteng, $47% )

B

8. FEE

gL

B HE EE

£

AR, T WRER, HE (R) 5, RPUE. SRER, AKE —RRSK. HAE RS
HE. REBNGT. FEE, Fhk. SRSATEE, BEXT.




Neuroprotective alkaloids in -
Gouteng

» Corynoxine (fIi&3£H) & corynoxine B (#]i&ZB)
4 Same molecular formula, different conformation
€ Induce autophagy in different way
> Question:
€ Find key regulators in neuronal autophagy
® Distinguish two compounds

o Cory (15 uM) Cory B (15 pM)
' Ctrl 1h 3h 6 h Ctrl2 1h 3h 6 h
X OCH;  LC3B-1 e —— . . - - . Gmumn
LC3B-Il * e e —— — c—

OCH, OCH
° ACTE Sy - S D S — — e S

Corynoxine B Corynoxine

Lu et al., Autophagy, 2012, 8, 98-108
Chen et al., J Neuroimmune Pharmacol., 2014, 9, 380-7



Experimental procedure

> N2a: a mouse neuroblastoma cell line

Light Middle Heavy
Arg0, LysO Arg6, Lys4 Arg10, Lys8
Cory Cory B Control
- v - Trlpsw] v
| | | | | | digestion HPLC fractionationand Enrichment
!ﬁ": o W LC-MS/MS
— Arg-containing peptide Lys-containing peptide
| ot ] A 3
Heavy Heavy
. =k £ Light
Treatment/Control ratio: >1 or < 1 o - i
e 4 Da
‘ 10 Da <+—»| 8 Da
e i, (R — X
m/z m/z

Chen et al., Autophagy, 2017, 13, 1969-1980



Phosphoproteomics proflllng o

» Quantified 5,328 unique phosphopeptides
¢ 74.0% phosphopeptides (3,943;) with > 1 spectrum
€ Average spectral counts: 5.5

»> 2,233 phosphoproteins with 5,413 p-sites

A B aow  C,
Z | £ 900
§ 1000 m ps E ,
2 Ze00| N |
| =
§ 500 mpT f_;f N
z II 2300 ~
S 0 [ pY 8 I-I -
5 2 4 6 81012141618 20 22 2426 28 30 a o i s e s i
=z 1234567 8 91011212

Spectral counts p-sites counts



Phosphoproteomics p

> ~95.1% p-sites reported previously

roflllng

» Cory & Cory B regulate different proteins & pathways

m

EDownBEUp

_ 10.0 @
» 4000 5 @
o ~ 10 _3'100
& 2000 I I o -
B 2 :
< s 50
0 8 0.1 5
b‘\ @Q.g\z“ \Q.\" /\“-&” \0 \3 &° ' : g
S k)
S TF A& O@G, I 01 10 100 £ °
Q® & Cory / Ctrl b
G < H
Cory Cory B lalp-value) 4 oo253 152253

Cory Cory B

Group

DSB repair via homologous recombination
axon guidance

RNA splicing

endocytosis

negative regulation of transcription
regulation of GTPase activity

positive regulation of apoptotic process

.

mRNA processing

RNA splicing

cytoskeleton organization
forebrain development

cell differentiation
angiogenesis

protein autophosphorylation
translation

positive regulation of translation

-4-20246 4.2 0-2

Enrichment Score

Mouse AT Cory

-4

Cory B
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Neuronal autophagy phosphorylation '~ =
network

» GPS: Cory- & Cory B-regulated phosphorylation
networks

» Single kinase network
€ Down-regulated network & up-regulated network

Single Kinase Down-regulated Up-regulated
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IKAP algorithm

» For Kinase j, statistically test whether it prefer to be
involved in up-regulated (high activity) or down-
regulated (low activity) networks

& KA: kinase activity; KS: Treatment/Control (T/C) ratio

» Up-regulated network
®T/C >1, KAup(i) = zj";i int(KSU)

» Down-regulated network
@ T/C <1, KApyym (i) = X1 int(%u)

» Yates’ chi-squared test
0K“lu;:l = z{‘=1 KAy (1), KAgoun = zi=1KAdown(i)



A

Differentially activated kinases

» THANATOS filter
€ Up-regulated: 7 (Cory) & 2 (Cory B)
€ Down-regulated: 12 (Cory) & 11 (Cory B)

Upregulated Downregulated

31
118

Mouse Autophagy PKs

Cory

Upregulated Downregulated

- 24
Cory B 1 18»

Mouse Autophagy PKs

C -lg(p-value)

CDK1
PLK1
GSK3A
CLK1
CDK5
GSK3B
MAP2K2

AKT1
BMPR1B
AKT3
ACVR2B
TRIB3
AKT2
RPS6KB1
PRKAA2
SGK2
BMPR2
RPS6KB2
CAMK1

012345

-lg(p-val
D g(pvaue)o 1

CDK1
CSNK2A2

PRKAA2
SGK2
SGK1
AKT1
PRKCB
PRKCQ
AKT3
PRKCD
AKT2
MAP3K5
ROCK1

4

\J‘\ e

."“’.-./Vq
RS
_,ib &

Cory B

2



E

p-RPSEKB1 (R s  a——
t-RPSEKE1 S S

-

p-RPS6KB1:t-RPS6KB1

ACTE SR s am—

'y

¥

o
T

e
T

Cory, but not Cory B
» Kinase activity-associated p-sites
4 Down-regulates RPS6KB1 (p70S6K)
€ Up-regulates MAP2K2 (MEK2) & PLK1
S S S
& &6 & & &
& 0"8\ Qod 0‘& 006 & Qod IU::""
p-MAP2K2 p-PLK1" - -
tMAPZKZ--_ EPLK] e s -
ACTE e e S — ACTB o o  cmmm
H g 4 ) J 2.0+
- —— <
0@‘ Ood dé{\' Ooﬁq’




MAP2K2 & PLK1
A

» Silencing MAP2K2 but
not PLK1 decreases
LC3B-Il

» Silencing MEK2 & PLK1
both increase
SQSTM1/p62

LC3B-ll 1: autophagy
inhibition & activation

SQSTM1 |: autophagic flux 1

NT siMap2k2 siPlk1
Cory (25 uM) - + - + - +
cha-l---q--
LC3B-II — - -

ACTE wnns s s s S S—

NT1 siMap2k2 NT2 siPlk1
CoryB(25uM) . . .

+ - + - +
LGB e = enee TRER
ACTB == 0 e S e W S

D

NT1 siMap2k2 NT2 siPlk1

Cory (25 pM) -+ = + - * - +
SQSTM1 D s D e e e
ACTE wmme we s o S

NT1 siMap2k2 NT2 siPlk1

Cory B (25 pM) - + . T - + - +
SQSTM1 W = S T s - -

ACTE @m0 @ w= dus ~—— o -
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MAP2K2 & PLK1 Inhibition

> Inhibitors: U0126 (MAP2K2) & BI2356 (PLK1)
> SQSTMA1 is not decreased

» LC3B-ll decreases in MAP2K2 inhibition, but
increases in PLK1 inhibition

A Cory (25 uM) - - + = Cory (25pM) - + - + - #
Uo126 (12.5 pM) - + + BI2356 (30 nM) - - . - & o+
P-MAP2K2 (I v s U0126 (125pM) - -  + 4+
SQASTMT s . - — — —
ACTB " w — LC3B-I
Cory (25 yM) - - + LC3B-I| e o
BI2356 (30 nM) - + + ACTE i S e o —
P-PLK1 s

ACTE wm e s
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In neuronal autophagy

» Alzheimer's disease: APP (B-amyloid precursor
protein)

» Parkinson’s disease: a-synuclein (a-syn)

» The inhibition of MEK2 or PLK1 diminishes the
clearance of disease-associated proteins by Cory

» The activation of MEK2 & PLK1: neuroprotective

Cory (25 pM) - - *+ - + - +
- - - BI2356 '[30 I'IM] - - - - - + +
Cory (25 pM) * * ¥ U0126 (12.5 pM) - - - + + - -
BI2356 (30 nM) - - - - + + Dox (1 pg/ml) - + + + + + +
U0126 (12.5 uM) - - + + - - SNCA (A53T) - s W W -
FI-APP &8 — 488 &m oo SNCA (A53T) - - A .

ACTE e S i s w—— ACTE anlle > wmp GnEP gUF TP o



MAP2K2 and PLk1 in In neuronal ‘"
autophagy

MAPZK?,
- SNCA

Kinase cascade
K- ]
o)
Cory-induced neural
APP
autophagy

Cory

Clearance of PD-
and AD-related
proteins
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Aaron Ciechanover Avram Hershko Irwin Rose

"

&®;ZELYE: Ubiquitin-binding

he Nobel Prize in Chemistry
2004

“for the discovery of ubiquitin-
mediated protein degradation”
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> 22 &EBKR: ~8kDa
‘a”\ ﬁﬁ 13 'GG

SIEHMMEER: RETH
> 110ML R, T2

A

\
L 76y —K*
Ub (—--RGG') K Trypsin digestion
{ N
NH,
COOH

Ubiquitinated protein

_-NH,
NH,GG—K*

f
COCH

Signature peptide:
* 114.1-Da tag on K*
« Miscleavage of K*

Peng, et al., Nat Biotechnol, 2003, 21, 921-926



-GG: 114.1Da

G
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% of proteins

704
60+
504
40+
30+

20+
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> XTEE SR -

& HARARNZE
& 6xHis-tag;z %

O Yeast proteome (n=6,139)
@ Candidate ubiquitin conjugates (1 = 1,075)

H Confirmed ubiquitin conjugates with sites (n = 72)

=HERRA

act dna int per psf rib ma

Molecular environment

sol

tub

unk

Cell lysate Cell lysate

| Denaturing nickel chromatography |

Proteolysis (99.5%)

-

— 1. T
0 5 10

SCX fractions

RP-MS/MS ’ ’ ‘ |

Data
processing

50 proteins

0.5% VY

200 =

100-

50- —

10-

w5’
ik
Proteolysis (99.5%)
Vv 0.5% ‘l’
OD214
06 T
03 o
& 0 20 40 60 80

i
|

Mono-Ub

SCX fractions

’ HHH H| RP-MS/MS

Data
1 processing

1,075 proteins identified,

110 ubiquitination sites
(72 proteins)
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€ GST tag it

> 294 MU B, 223N
®14.7%: Z%hitkEH

qUBAYUBAH \ /qUBA“IUBAL
GsT |uBa Jusafusafusa] Gstquea

220KDa —>

Analyzed
region

S0KDa —> oy # GST-qUBA
GST  UBA| GST-UBA 30KDa —> 8 @8 GSTUBA

Shi, et al., Mol Cell Proteomics, 2011, 10, M110 002089
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In gel digestion

4-20% SDS PAGE

ZENNEES

Sequence by
Mass Spectrometry

Ké K1 K48 K63 120min LC Database search for ubiguitination and
gradient manual verification of all spectra
AA3.3 X 108 AA1.5 X 10° AA85 X 10° AA:3.3 X 10°
qUBAL ‘ [
= ke Poly-Ub ratio
linkages |Sequence m/z (H) |m/z(L) |Charge |[(QUBA/UBA)
UBAH N/A N/A AA13 X107 N/A
Py |K6 MQIFVK(GG)TLTGK 464.607 1460.594 +3(>1000
UBA s ha AA1ZK 107 NIA |K11 TLTGK(GG)TITLEVEPSDTIENVK [805.438 [801.425 +3|>1000
. |K48 LIFAGK(GG)QLEDGR 491.611 |487.598 +3|~500
AA27 X108  AAB.2 X107 RA64X10°  AA20X1
quUBA " J )? |K63 TLSDYNIQk(GG)ESTLHLVLR 752.748 [748.735 +3|>1000




NF-kBiE I Z =L

A v Survival factors, growth U FaslL "B

factors, cytokines, etc. Mammalian cell : Mammalian cell TNFa v

membrane i membrane
K1|48 ;

- ﬂ K261
! K437 K820
i K391 | | Ka2

Mitochondria

43Ub sites on"ié'éubstra;és
/ aré.mitochondrial localized
| proteins(Table 1) .

K358 K31

\ ot
\\ 1
Apoptosis NF-kB activity
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> HCT116 and 293T4HAa%%

> BREZis -

@ CXXXXXXK(GG)XXXXXX

» LTQ Orbitrap

> Btz (Bortezomib): £

=2

Identified Quantified

# Sites 10634 7640
Site FDR 0.5% 0.2%
# Proteins 3662 2879
Protein FOR 1.1% 0.6%

2 BN 57

1600 -
1400 -
o 1200 -
= 1000 -
B 800 -
& 600 -
400 -
200
B e L e e e

1 3 a i g 11 13 15 17 19

# diGly sites per protein

Kim, et al., Mol Cell, 2011, 44, 325-340
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» DiGly Proteomic Enrlchment Strategy
> I\ BB HNHI3 'J ZERERUKEERAS

8hr Btz - +  8hrBtz
Mix &
Lyse
Light (K0} Lys - untreated Heavy (K8) Lys - Btz 8hrs
Tryptic peptides 180 — 180 — IB:NRF2
cc] 115 — (NFE2L2
RS\ s
82 —
64 —
4’{ 49 - IB tubulin
nrich 36
‘ || I‘ | I‘ ‘ 25 -
/ l B
i m/z || | ‘ 14
miz || |

miz |IB:Ubiquitin
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& 557 F WK FPEK
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F 1.5+
1‘.n35- < —> -
@ an 2 fold down 2 fold up = D 1.0-
o 25- Ry
> W H-UntL-Unt o m 05
O 5. WHBE shrsL-Unt  — T j
5 0.0-
= 15- K11 K27 K29 K33 Kds KES
= 200 -
-4—11[}' i)
iy
G 5. l } %wn-
X 5 Lottty III|||||”||I|.. 100+ I
| | | | | | 1 1 | | 1 E
5 4 3 2 10 1 2 3 4 5 Q 504 l
n-_l I __I i

Log2(H:L) Ki1 K27 K29 K33 K48 K63
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A B Pre Post Pre Post
UsPZcc + +
Maock + + .
Heavy Lysate 4+ .+ + T 3000
Btz 8hrs Btz Bhrs Light Lysate +  + + + W
@ 2500
180 i
115 SN ‘w2000
l l 1ﬁZIw B >,
— — e —— - e U] 1500
A 25|
. = 14- 500
Light (K0} Lys Heavy (K&) Lys 25—
14- 0
MNen-denaturing lysis —
l 9 l IB:Ubiquitin 180 B:MNEDD B Total guantified sites
— — El ‘H: Sites reduced =50%
IB:tubulin IB:NEDDS after USP2Zee treatment
untreated 1hr s—-— USP2ce 1hr —-—L light exp)
C
" mH-8hr Btz:L-Unt
\ / 100 - WH-Bhr Btz (UspZcc treated).L-Bhr Btz (mock treated)
a0 4
LJ 80 -
70 -
& 60
Mix 1:1 in denaturing buffer ‘@ 50 -
F* 40
30
20 4
10
0-
G FoOaar T oo o - Caicine T T
Log2(H:L)



» SUMO
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& ESUMOYL ey
& SUMO-2/3% 54 o -
> HfR7E: SUMO-2/3 " 2 s
& U20S 4R *

TAP-SUMO-2

TAP

b e L | sumo-2
3 I B -
‘450C , 30m i n 83 conjugates 62 ;_3.- conjugates
62 |
€37°C, 10-14days . 7
s = TAP-SUMO-2
& SUMO{L1&im1g5a a2 i
25
?z — SUMO.2 16/ M- SUMO-2
WEB:ant-SUMO-2 Silver stain of
Crude lysates TAP-purification

Golebiowski, et al., Science signaling, 2009, 2, ra24



Mik%: SUMO-2/3

> SUMO-2/3745F 5 siRNA
& NN EASUMO-1
AR IBRA TIRS MRS

Il
-l
NI
[N
TAT

<
A b c\}l 5 C
g 32
@D
:: 2 i 120 A
° 3 siSUMO-2/-3
kD -‘.-‘.' N , L ] 100 |
175» | oy : ]
i e 2
| anti-SUMO-1 ' g
80» :: ‘ :
X =)
58» | ;
. 1=
0
o
=%
45°C .
175> |
anti-SUMO-2/-3
80P qmm
58 .
58 p

D e e 20ti-[-actin
46»

80 -

60 -

40 -

20

msC
B SiSUMO-2/-3

37°C 45°C



\‘ O
I : o ,HJ. ;‘_;.J::
\ ;‘r-’ = .':'.;2
SUMO 'ﬂi% E éE. AE °
J\ —
A O (| T B Internal contaminants
TAP TAP-SUMO-2  TAP-SUMO-2 External contaminants SUMO-2 Targets
(37°C) (37°C) (43°C)
Lys®, Arg°® Lys*, Arg® Lys®, Arg'® Ratio 0.40 Ratio 1.40
S 7
—~
Mix lysates 1:1:1
Tandem Affinity Purification o
l o) :
5] 2
1D SDS PAGE UIJ Ratio 1.53 @
l Approx % - g
mass Slice = o g
KD = 3 range number O —g
: i >200 6 ® @
1 H - b
r 1 o Q
175 N : : 100-200 5 o Ratio 0.53 o
1 ' s D - @
83 & : B80-100 4 = =}
L}
62 g i ! 5080 3 a4 2
47 R Fem———e o ®
- i i 2050 2 = 2] Q
25/16 . m 0-20 1 §
-

l i : 0 5
In-gel trypsin digestion, LC-MS/MS Log, TAP-SUMO-2TAP
2 - .
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Table 1. Predicted frequency of SUMO consensus sites of proteins identified by different studies. SUMO consensus sites of the form yKxE as

predicted by SUMOsp2.0 (52) with a “High” threshold.

Data set Numbgr of Number of pret?licted Nt_meer of proteins Avgrage consensus
proteins consensus sites without consensus sites per protein

Published SUMO substrates 264 517 49 2.0

TAP-SUMO-2 proteome 759 1,681 195 2.2

Human proteome’ 43,964 28,078 28,571 0.6

TAP-SUMO-2 internal rejects 594 458 312 0.8
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> SUMOL = EE P T A

¢ E L BMEZ, =E

Hoechst anti-Fibrillarin- anti-SUMO-
FITC AF546

Merge

'

R0 ¢

ya o

Hela BHisSUMO2

)

ROK*= medium “M”  R1%®8= heavy “H"

/

Lyse in 6M Gdn-HCI and isolate 6-HisSUMO-
target proteins using Ni2*-NTA beads

HelLa HeLaﬁHiSSUMO‘l

ROKO= light “L”

\

coe

1D SDS-PAGE, cut gel slices and
perform in-gel trypsin digestion

. —

Slice 8
_____ 2

Slide 1

LC-MS/MS and data processing with MaxQuant

Westman, et al., Mol Cell, 2010, 39, 618-631



Nhp2 and Nop338
> $TEISUMOAL 4

V\“Q\ "’\O’L N 6 O\ ""01 N e“*@? A

(8] ot (@] 0 @) ot ®] Q )
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. . .
191
97
64—
- — Nop58
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-—
- —
28— é
- R = —— —Nnp2

1 2
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mock

kDa__|

= EE
®Nhp2: K5
®Nop58: K390, K415, K467, and K497

28

__Nhp2-GFP
—-Nhp2-GFP

D

Human
Mouse

Zebra fish

Fruit

Arabidopsis

Yeast

Human
Mouse

Zebra fish

Fruit

Arabidopsis

Yeast

Human
Mouse

Zebra fish

Fruit

Yeast

EEEPCTSTAIASPrERRKEERERKXRENED
EXEPCTSTAVPSPERRREEXEKEXXDARED
EPEETVVEETTERRRERRERVEEDE -
EAAAPEPEDQPTPARRERRSRNQE - - -
Arabidopsis ETEXPAXKRERSERERKERXTEY
EXXEXXEXXKERXSKRERRERK

Nhp2 and Nop338

FI -

NOPS58

SEVETYOPESChSTLP TCERERRIEQVDR - - -ED ITERRAREAK
S EVRTEOPSChSTLP TCSRXRRIZEVDR -~ -ED2 ITERRARREAR
S DVEVEOPSChSTLP T VERSRKIEEVEEAFEEDOPIEARAKRYE
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ATSADADTARAASDSESDSODEEE

EEEEZKVAEREE

529
536
554
512
534
512

QIPVEREE - - -
EXKERREXERK

ETSVERKXERCEKEK!
EEMEEEEAREEQVVEEEPTVERKEKXKKKDKKKY
EEEPKQEEEETAVELVEEVREESSKEKER
EEEAEVESEX
TEEPSKEXKENRXXKTEAEPETARESCARKERK
PDDEDSXDEKK

e
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MR N=N®
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s02
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» DiGly Proteomic Enrichment Strategy

ONHATZENSH
& HERTF: SUMO-2
> Lys-C: AYlfg, HAK|

lysate >LysC

<
wn
Q
5
(5]
v
<
n
O

Affinity purification of the tag

allkR+Q87R
allKR+T90R
all[KR+Q87R
all[KR+T90R

allkR+Q87R
allKR+T90R
allkR+Q87R
allkR+T90R

Digestion Trypsin
Ubiquitin LHLVLRLRGG
SMT3 IEAHREQIGG
SUMO2 wild-type IDVFQQQOTGG Nano LC-MS/MS
SUMO27Q87R TDVFRQOTGG]
_SUMO2-T90R __ ___ IDVFQQORGG |

long exposure
16- anti SUMO-2/3 MascotMaxQuant

short exposure
anti SUMO-2/3

Westman, et al., Mol Cell, 2010, 39, 618-631

BKR: His-5UMO-2

N = -
e % SUMO-2 target

J{ Contaminant

W
Ty
|1 ||
1M
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SUMO-2{&iFEIERREBSHT

> ZEAALE FEPhi-K-X-EF&4{F

> “Inverted motif”

B[VILJKxE

B[MF K xE
O[PCSQD]KxE
DxKxD
BED]xKx[notED]
Balernative
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> IFHMUCER RN ES AWK
€ Acyl-biotinyl exchange (ABE)

& N-ethyl maleimide (IS
& Hydroxylamine (¥2/&) 1] 1

 JE

%

EEEER, FEIREERES

JI@?LE*E%H

AEbagiiy

' i%) (NEM) RIPTES
i B

B 304 0 50— = = — — o |
- ’ ‘ 1 & ®
8 0] o ¢ o |
200 ~ 4 .
z e 30" o |
» . .
| S s = I
] . 20
' -~ E 100 = Py expangeg_ -— 5 .g. |
PR (1] ,‘.{ . ; _, 10
- — . S I
- ":: @ : L ] - ®
L 44 . L
- 100 200 300 10 20 30 40 50
——t
o @ EXP sample
% % (averaged spectral counts / protein ID)

Roth, et al., Cell, 2006, 125, 1003-1013
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prenylation
paTm

myrisfgylaﬁon
palm.

other

Ras1
Ras2
Ste18
Rho2
Rho3

Ycpd

Gpa1
Vac8
Gpa2
Psr1
Psr2
Meh1
Ygl108c

Ypl236¢

Ycki
Yck2
Yck3
Lshé
Ypl199c¢
Yki047w
Ybr016w

Bet3
Lcb4
MIf3

Mse1
Nuc1

single TMD

multiple TMDs

SNARES

AAPs

A X

cytoplasm bilayer
Sncl -MWYKDLKMKMELALVIIILLVVIIVPIAVHFSR
Snc2 -MWWRKDLKMRMSLFLVVIILLVVIIVPIVVHFS
Sso1 -KARKNKIR[SWLIVFAIIVVVVVVVVVBAVVET
Ss02 -KARKNKIRMLII[FITIPAIVVVVVVVPSVVETRK
Vam3 -QHQRDRNK[GKVTLIIIIVV[MVVLLAVLS
Tig1 -YEKNKE:KYDFGLLI\IVLIVLLVLAFIA
Tig2 -TEYQKRTQKERVILLLTLEVIALFFFVMLEPHG-
Syn8 -FNNSRFKDNGNEWIILVLIVVLLLLLLVL

Mnn1 -ILNQRSLRS[ErIPILVGALIIILVLFQLVTHRN-
Mnn10 -WRXTLfE s LARWRKLILLISLLFLFIWISDSTI -
Mnn11 -LGFPKQNKYGTJKFLSIITAFVFILYFFSNRFYP -
Pin2 -worf@MonxkafkrzarvervialirviwresrLr-

Yir001c -IAVGFGVIIGVTIAISLLFIIITRGGKVED-
cytoplasm

?aktr‘: known palmitoyl-proteins

Gnp1 not detected

Hip1 Ykt6

Sam3 Tub1

Bap2 Hem14

Agp1

Tat2

Gap1

Tvp18

Yir326w

Snad
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> HeLazHﬂﬂﬂ] /)\ES z&*ﬁﬁl_{ & HeLa-S3
388 ZELLALR 8

K 4
> Z,E;E{at*ﬁ [ I . IP Cytosol Nuclear
- Sample ‘j
fractionation o
A & c D L Trypsinization \-‘-‘
Ac-BSA_ Ac-BSA ? Ac
S-100 NE  $-100 NE Fed Fasted Fed Fasted A

Immunoaffinity 1
purification
I PO
NS : ?—@—Q
Qe

Nano-HPLC/MS/MS analysis

Kim, et al., Mol Cell, 2006, 23, 607-618
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> Transcription/

” S100 H@»% Translation (9)

Histones (6)

Chaparones (5)
Miscellaneous (5) Metabolism (6)
Structural (5) S!gna|
Transduction (1)

2]

C  Fed u&é Metabolism (71)
Chaparones (1)

Cell Cycle (1)

Stress
Response (6)

Transcription/Translation (1)

Unknown (9)  Cell
Histones (2) Maintenance (9)

108 Ac-K Peptides

S100 Nuclear

ATREZeRith: SRiGHEX

Transcription/

Histones (9) Translation (11)

Nuclear

Cell Cycle (3) Chaparones (2)

Metabolism (3)
Miscellaneous (5) Signal

Structural (3) Transduction (2)

D Fasted Metabolism (75) Signal
Transduction (1)
ﬁb@- Cell Cycle/
AN Apoptosis (3)
Stress
Chaperones (2) Response (7)
Transcription/ Cell

Translation (2) Histones (2) Unknown (10) Maintenance (12)

279 Ac-K Peptides

Fed
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> 2= CER B HAEI 5
®suberoylanilide hydroxamic acid ({RiZi& )

®MS-275

> Leukemia cell lines
€3,600 M, 1,750 K4

CD
©
@ s
] 1] o)
3 o K o 3%
® @ 8 @ Q@ g4 @ S o %
A 4 & 2 ¥ 0 2 EEB B
; Overlap of Ac-K proteins  Overlap of Ac-K sites
# -
TR
e i 230 48 185 463 MESSS 417
% A549
= MV4-11 A549 MV4-11
' % 500 710
131 268 195 552
496 998
Jurkat Jurkat

IP:anti-GFP WB: anti-acetyllysine
Choudhary, et al., Science, 2009, 325, 834-840
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> i S i [s] FHelixf1Beta-sheet
€ Ordered region

Number of Ac-K proteins or sites

. Ac-K proteins
[] AcKsites
L A L & o
2 ey > o L o
& A « L e
*(9{\ \x‘)b o"Q\‘b‘g Qc}éba\'s’@ oy
>
O <= 0
W o o)

Cellular compartments

Percent of Ac-K sites

501

40 1

30 1

20 1

10 1

p=1.7x10"28
60 1 1

p=6.0x10"18
1
|:| Acetylated lysines
Bl Alllysines
p=1.2x10"6
1
Coil Helix Beta—sheet

Secondary structure
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Mitochondrial Ac-K sites D -Log, P

i
2

0 5 10 15 20

RNA recognition motif (RRM, RBD, or RNP domain) —62/224
Helicase conserved C-terminal domain _36/108
DEAD/DEAH box helicase [ NN 2663
eHO-incer | 30/
Atpase family | 2'/53
Bromodomain [N /40
RecF/RecN/SMC N terminal domain NG 3 23
SAP domain _12/24
SMC protein Flexible Hinge Domain _5/5
AT hook motif -5/3
MOZ/SAS family _5/6
PWWP domain -9/22
TCP-1/ cpn60 chaperonin family SRSy 10/16
tRNA synthetase class Il core domain J8/10

Proteasome A-type and B-type [NENSSNNN]9/19
17/750 | Zinc finger, C2H2 type
2/373 N KRAB box
2/245- Homeobox domain
17685 NN 7 transmembrane receptor
0/150 [N EGF-like domain
0/123 B0 Peptidase (Trypsin)
30 25 20 15 10 5 0
-Log, oP
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Cellular functional categories Number of Number of
and protein classes acetylated proteins acetylation sites
DNA replication 52 98
DNA damage and repair 72 167
Chromatin remodeling 26 46
Cell cycle 132 243
RNA transcription 31 71
RNA splicing 109 206
Nuclear hormone signaling 9 22
Nuclear transport 17 41
Cytoskeleton reorganization 50 137
Nucleotide exchange factors 55 92
Endocytosis and vesicular trafficking 39 62
DNA/RNA helicases 46 105
Ubiquitin ligases and deubiquitylases 46 70
Protein kinases 47 71
Acetyltransferases and deacetylases 21 61
Methyltransferases and demethylases 12 34
Transcription factors 29 40
Histones 15 61
Adaptor proteins 14 40
Chaperones 40 127
Ribosomal proteins 75 136




Bkt vs. ZHBE4R 5

> NERFBR AR
€ 1,300 ZEkRK, 1,0471NEDD
> SZATIERNESR
& /RAFAE1951, EE1351N(70%)
& QI 7&4AAEEk1,750, EE240
& LA EILALRE X A8 K

Ro ¢

A This study B
Fisher's

Pathway Exact Test
703 Fatty acid metabolism 4.02 x10°14

209 Citrate cycle (TCA) 1.13 X 10®°

104 g 1495 Urea cycle & metabolism 2.40 %108

= of amino groups
87 Glycolysis / glucogenesis | 4.43 x 10

Zhao, et al., Science, 2010, 327, 1000-1004
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B vs. {15

E

Glucose
G-6-Pase || HK
Glucose-6-phosphate

| op1
Fructose-6-phosphate
FBPase || PFK-1
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