10.
Linear motifs, post-translational
modifications, molecular switches



Short (3-10 residues), sequentially localized motifs that mediate
the interaction with a common protein partner/domain:

Interaction partners of nuclear receptors.: Common interaction motif:
(LIG_NRBOX)

PA2G4: ...MEVQDAE
NRIP1: ...DSIVLT
NcoAb: ...MREAPTS
NcoAZ2: ...DSKGQT
CBP: . . .AASKHK

QSSASRKT. ..
MHOAAGGS. ..
DNSGAPNV. .. ‘
TTKSDOME . . .
RGGSGSSI. ..

xLxxLLx




[Linear Motifs

SLiMs = “Short Linear Motif”:
Short functional modules (3—10 aa long)
Mediate transient interactions
Usually reside within IDRs

Function independently of the rest of the
protein



Regular expressions

Defined positions

Fixed positions

Degenerate positions
Un-defined positions

Fixed length

Flexiible length
LIG_CYCLIN_1:[RK]xLx{0,1}[FYLIVMP]

L: one type of amino acid “L"=Leucine

[KR]: group of allowed types of amino acid in the given
position

x or . : anything (no restriction)

{0,1}: variable length



Frequency of common linear motif
binding domains

DOMAIN FREQUENCIES FROM PFAM ( HUMAN PROTEOME)

Domain Family

PDZ

SH3

SH2

WW

PTB

Frequency
[Domains / Proteins]

573 /342

451 / 382

2371219

151 /103

142 / 133

Pattern of recognized
motif

[STIX[ACVILF] ~COOH

PxxP

p TxX[IV]
PPxY

NPx p Y



Linear motifs In viruses
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search the ELM resource - Mozilla Firefox

File Edit View History Bookmarks Tools Help
I® search the ELM resource ]

& | @ elm.euv.org/search/

S Most Visited + [EJGoogle = pubmed [Giszotarak~ [@iDisorderv [ IANCHOR EJUCSC Genome PDBsum home page [ iPrinter [} Save to Mendeley

. The Eukaryotic Linear Motif resource for
Functional Sites in Proteins

IEZITN ELMs  Instances  Candidates  Links  About News Help  Downloads  Diseases  Viruses
Functional site prediction
Protein sequence
Enter Uniprot identifier or accession number: (auto-completion) -

e.g. EPN1_HUMAN, P04637, TAU_HUMAN, [RANDOM]

Or paste the sequence (Single letter code sequence only or FASTA format):

PDB-Structure “3BU8 showing a
peptide from ELM class
I®LIG_TRFH_1

http://elm.eu.org

m Cell compartment (one or

several): m Context information

— Type in species name (auto-completion):

extracellular

nucleus

cytosol

peroxisome

glycosome m Motif Probability Cutoff:
glyoxisome

Golgi apparatus
endoplasmic reticulum
lysosome

endosome

mitoehandion [ suomic
mitochondrion eset Form

100

Disclaimer

Short patterns applied to proteins are usually not statistically significant: Therefore we can't provide E-values as with

ELIV_Arvy_wROoX_c£aswel
as instances for each class
have been added to the
database.

ELM database update

The ELM classes
I®LIG_APCC_TPR_1 and

¥ IG_PAM2_2 have been
added fo the database and
I®IG_MYND has been split
into multiple classes:
ELM:I®LIG_MYND_1,
ELM:I®LIG_MYND_2, and
ELM:I®LIG_MYND_3.
Furthermore, ELM class
I®LIG_EVH1_1 has been
updated, and several new
Instances have been added to
the database.

Featured paper:

"A Toxoplasma dense
granule protein, GRA24,
modaulates the early immune
response to infection by




. The Eukaryotic Linear Motif resource for
Functional Sites in Proteins

ELM is a REPOSITORY of more than 240
thoroughly annotated motif classes with over
2700 annotated instances.

It is also a PREDICTION TOOL to detect these
motifs in protein sequences employing different
filters to distinguish between functional and non-

functional
motif instances



Class

Condensed information about a motif
Regular expression is used to annotate the motif

Instance

An experimentally verified instance of an ELM class in a
particular sequence.
- Experimental Evidences
- Methods
- References
- Interactions



Types of linear motifs

p SLiMs ~
Ligand Modification
1 L
( | ﬂ&v |
Classical complex Regulatory complex M Proteolytic
formation N formation addition/removal cleavage
o
. Targeting Enzyme recruitment
L L
. [ N\ ( A
Anchoring Trafficking  Docking Degron

104
Percentages of ELM classes (outer ring) and
instances (inner ring) by type.

Suclural

modification
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Known linear motifs can be used for predictions as well

Main problem — hits are dominated by random occurences
e.g the xLxxLLx motif can be foun in 40% of human proteins

>sp|P48552 |[NRIP1 HUMAN

MTHGEELGSDVHQDSIVLTYLECLTVHOAA
GGSGTAVDKKSAGHNEEDQONFNISGSAFPT
COSNGPVLNTHTYQGSGMLHLKKARLLQSS
EDWNAAKRKRLSDS IMNLNVKKEALLAGMV
DSVPKGKQDSTLLASLLQSFSSRLQOTVALS
QOQIRQSLKEQGYALSHDSLKVEKDLRCYGV
ASSHLKTLLKKSKVKDQKPDTNLPDVTKNL

IRDRFAESPHHVGQOSGTKVMSEPLSCAARL...

N terminal regions of NRIP protein

(disordered)

Y’

-

>sp|Q8WZ42 |TITIN HUMAN Titin

MTTQAPTFTQPLQSVVVLEGSTATFEAHIS
GFPVPEVSWFRDGQVISTSTLPGVQISFSD
GRAKLTIPAVTKANSGRYSLKATNGSGQAT
STAELLVKAETAPPNFVQRLQSMTVRQGSQ
VRLQVRVTGIPTPVVKFYRDGAEIQSSLDF
QISQEGDLYSLLIAEAYPEDSGTYSVNATN
SVGRATSTAELLVQGEEEVPAKKTKTIVST
AQISESRQTRIEKKIEAHFDARSIATVEMV...

|g domain of titin protein
(ordered)




Filtering of false positive hits

. Cellular localization
. Conservation

. Structure filter



» Summary for sequence 'Q9Y6I13'".

KEY

DOMaINS: [ ] Smart'Pfam domain
GLOBPLOT: [ ] GlohDom

2D STRUCT: JJ Strand

MOTIFS: ] Favourable Context
CONSCORE: [| low Conservation

F'hn:nsphn.ELM:Tphnsphnrylated Setine

B Sianal peptide (pred.) s Low-complexity region s Coiled-coil (pred.) lTM helix (pred.)
mmm Disorder

[] Helix

[| Sparse/Smart filtered

[] 3110 Helix
annotated: TP DFP TN U

fl Loop
j Meutral B <<} 2ssigned by
homology

[| medium Conservation ] high Conservation

Tphnsphnrylated Threaonine Tphnsphnrylated Tyrogine

(Mouseover the matches for more details )

Feature #

Sequence: QAYEIS

FhosphoELR

SrARTPfam domain
GlobPlot

ol =11 . m S|

N1
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Hin|
Hn|

e

1
| ] h I
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IUPRED

Order
Secondary Structure
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1l 1w Il
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- P ) = ) = 5 = o — s = —

LIG_SH3_2

LIG_SH3_3 29

LIG_TRAFZ_1 4

11I™ TO A -



ANCHOR and linear motifs

NCOAZ2 transcription co-activator
A 600-800 region is completely disordered,

Contains 3 receptor linear maotifs

P | B155096 | NCOAZ _HURAN Muclear receptor coactivator 2
A FURY AW
[ |

Probability

regio




Conservation

The functionality of a protein segment is often
approached by investigating the evolutionary history
of its primary sequence

Can this approach used for disordered proteins?

Sometimes ...



Conservation of motifs

Motif Conservation:;

1.0

- — —
I 1
I |
I
1
|
[+ ] |
: - i
o i
© |
(e ]
(7p]
(&)
<
o !
|
I
|
i |
1 1
N i |
o I 1
! I
I |
I |
1 1
| 1
(= 1 —0
o

| 1
Pfam Disorder ELM FP



Conservation patterns of linear

motifs

No evolutionary constraints to keep the structure

Strong constraints on functional site

Island-like conservation

B SSn_.I

P-PPP SS

ogoCcCcC0C0Cana .00« 0O QAQQ..
QQQQQQ.SQKPQSS SP.PPSA..
mwaeLFAQWZONAQLAVWQ nZ n O WwwwwZww

PFSSSPPMPSPPVL So>Bn n>non
plpnINN-PI

9999999

> - TTAT.ATTTS.d.PA PAPSS-

gPVP
aw S.S.SP

e T
hf? -

S s |f\|{.|.|.1|.Ll.,.l|.,lﬁ:,@

{ uopeasssuo) u::o._mxomm

Davey et al. Nucleic Acids Res. 2012; 40:10628
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SlimPrints

Generates sequence alignments of orthologous
sequences

Relative conservation score per position
Filters out less reliable regions
Fails if sequences are too divergent, or too similar

http://bioware.ucd.ie/slimprints.html.



Phospho.ELM

Database of experimentally verified phosphorylation sites in eukaryotic proteins.
Current release contains 8,718 protein entries covering more than 42,500 instances.

(Instances are fully linked to literature references.)

Phospho.EIEM = e
a database of S/T/Y phosphorylation sites m 3.:;3
e

Home PhosphoBlast| Contribute Download Help Links About

SEARCH

B for phosphorylation sites in proteins using profcin name of genc name
(eg. Paxillin_ She, MAPK)

B by UniPROT accession or Ensembl identifier:
(og. P12931 or P55211)

B by selected kinzse [List):

[ Naoae ]
B by selected phospho-peptide binding domain (List):
[ Monz =
B Choose which isms 1o inelude
All
Caenorhabditis
Drasophila
Nertebrates

B Do not show high throughput daia O

B Output as Comma-Separated-Values Cesv) O




37413

LTP HTP



Output example of a Phospho.ELM search using the Cyclin dependent kinase inhibitor 1B

(UniProt P46527) as query.

BIGS2T (CONI B_HUMAN - 198 8- Bstonrr: - - ANRTEENVER]
UniRefP0_PeG414_MOUSED-197 D-SSSONKR AMRTEEN
UniRefo0_BEVELS_COTUO/T-199 D-SSPONKR - AMTTEEE
UniRef0_B5EXLT_TAEGU2-198 D-SSPOMKR- - - AMTTEEEVELS
UneRefO0_BSX2AZ _SALSAA-190 EYPSSOMNKR - EHESSMNEVTPCPGLTHE
UiniRefS0_UPI0003 7 BI2CA_TETMG/21-284 D-PSAOHKR- - - -SHTSTDE
. UniRefP0_090 YXE_DANRER-179 D-SSCOSKR ~SHICVDEVTRTFPREFP - “KEPREKPLSFT-FT <
UniReF0_UPAN0] 544 EES_CHICK-19¢ E-RASHTFR -SPPsPs115Pausxkaouuwkssmmf
- - UniRefo0_U00016EAZDE_FUBALA-207 D-PSAONKR - ~SHTSTODE Un §
d t b f Sn‘,Y lm h l t n lm UniRefO0_BSK2E0_SALSA-188 E-POSTCHEK- “LH.-..SREEDEVVEKS
a a a a” 0 p sp ory a m s UniRefP0_BELERY _BRAFLA-Z3Z DAYTHDKRRDEG -VESPNLVnVILVDVThAALSIVYnS
FS0_UPI0016EAZZT FUGRUT-214 D-FFVERKKVVD
mm WPI001T BI26E_TETNG/1-192 D-FFVERKKVVE
‘f‘ UniRefo0_BSXTV]_SALSAT-214 o YVERKERTTA
"‘
- Disordar tandancy quary S6QUence
-
'f
- .
- The ELM server
- MOD_CK2_1
Lo* - e ELM details
Substrate: Cyclin dependent kinase inhibitor 1B (Cycllndeg«ldﬁ'lt I(inase inhibitor 1B (Cyclin-dependent kinase
CK2 Phosphorylation site
Seq-1D: P46527 [Homo sapiens) ’a" Motif recogised by CK2 for SenThY prosphorylation
i =] -
Interaction Network(s): o ridiel FNetworkKiN _ .-~ 4 e S
',' o MOD_CK2 1 description: The main determinant of CK2 phosphorylation specificiy is & nagative charge 3 positions after
External Sourceis): = & e
e ," y Pattern: IsT).E
MINT Interactionis): [show] _ .= r Present In taxons): AIPRg v
2 = ra Not represaniod In taxon(s):
iew Conservation o
oot 4 ‘ ,
# @Click on table headers for sorting
: Bindin| AUPRED P3D =
Res. ¢ Pos. ¢ Sequence ¢ Kinase ¢ PMID ¢ Src ¢ Cons. ¢ ELM *D ‘:0 SMART#I’hm/ ¢ PDB + Fus L PDB entry: 1jsu =
5 10 MSHVRVSNGS PSLERMDARQ 12482975 | LTP 0.28 : = - f 074 mﬂﬂ;@&n A/CDK2 COMPLEX
= . : s
s 10| MSNVRVSHGS PSLERMDARQ 14504289 LTP 074 Vigahlisation
5 10 MSNVRVSNGS PSLERMDARG 15735731 | LTP 128 074 (‘mx View he PDB enu\r
s 10| WSHVRVSHGSPSLERMOARQ 12042314 LTP | 026 074 7| iowor:| g A
td
5 10 MSHVRVSNGS PSLERMDARQ 15302935 8 0.74 . - ’/
s L MSHVRVENGS PSLERMDARQ PKB_group | 16780593 | LTP ] 074 5 i ’l |
& Jmol: | View ha PDB entry
5 10 MSNVRVSNGS PSLERMDARD KIS 12083740 LTP 074 - . (/ g
Y 74 rouurprEck Y EwgEvERGSL 18454177 | LTP ! ’, - < 0.64 = -,’
o’
Y 74 | FONHKPLEGKYEWQEVERGSL SRC 17254967 | LTP 1.00 . ’I 0.64 - s
] B3 | KYEWQEVEKGSLPEFYYREPR 15034923 LTP 18 MOD_CK2 1 - 057 sy’ 65.57% | Open | View e PDB entry
Astex: | using Cpen As
Y 88 | EVERGSLPEFY YRPPRPPEGA 17254966 LTP 1.00 0.65 15U | 70.31% 5 ‘\‘p_:‘lr —
X e8| Evekcsirer¥ymerRPrRCA 16195327 LTP 1.00 . - 0.65 1JSU | 70.31%
Y 88 | EvERGSLPEF Y YRPPRPFRGA SRC 17254967 | LTP 1.00 0.65 145U MI:S
Y 89 | VERGSLPEFYYRPPREPEGAC 16195327 LTP 022 . - 063 1USU | 36.68% >,
1 -~
Y B9 | vERGSLPEFYYRPPRPPRGAC SRC 17254967  LTP 063 1JSU | 36.68% “‘-.‘_
s 140 | LVDPRTOPSDSQTGLAEQCAG 17525332 085 . - 077 * h h 3D o _-
il 157 |goacirxaraToosstonsea PKB_group | 12244303 LTP 094 MOD_PKB_1 - 084 p osp o T
T 157 | gcacIRxkRPATODSSTONERA PKB group | 12244302 | LTP 084 MOD_PKB_1 084 To——— " Ll
o | MM | Doecumentation | Stasbetics | Links |
T 157 | geacrrxseaToosstoukea PKB group | 12244301 LTP 094 MOD_PKBE_1 s 084
5 178 | NRTEENVSDGSPHAGSVEQTE  MAPK1 10831586 LTP 15 MOD_ProDKin_1 0.84
T 187 | GseuacsveQTerercLarRg 15735731 | LTP 1.00 MOD _CDK 1 - 0.85 i T
T 187 | GsPRAGSVEQT PKRFGLRRRQ 12042314 LTP 1.00 MOD_COK_1 0.85 - ioa (23]
T | 187 | csewacsveoTeKKPGLRRRD 10831586 | LTP | 100 | MOD COK 1 - 085 dun Tor POBMELN Uprukh e e peil  redundsmo m—p—
strscure
T 187 | csemacsveoTexkecLRRRg CDK2 | 12700233 | LTP 1.00 MOD_CDK_1 - 0.85 ot v oA 13
« £ LK kit evErcSipery LRl
T 198 | prxpcLarngT 12042314 LTP m o
€ vus Yas [T surer ) (butar verw ) [ ccompariuge (11
T 198 | prxporaasgT RSK_group | 14504289 | LTP V“""_"‘s_“f 084 B,
(s v ( ot 1
T 198 | prepLRRAQT RSK-2 | 14504289 LTP V,"r’g? 0.84 e L L

Holger Dinkel et al. Nucl. Acids Res. 2010;nar.gkq1104

© The Author(s) 2010. Published by Oxford University Press.
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'\‘ PhosphoSitePlus’

with grant support from @ W N, MI gm.m:...

rom STl Cell Signaling

TECHNOLODGY®

ABOUT PHOSPHOSITE | USING PHOSPHOSITE | CURATION PROCESS | CONTACT

—
Home

mutations, PTMs and recalibrations. Nucleic Acids Res. 43:D512-20. regrint]

PhosphoSitePlus® (PSP} is an online systems biology resource providing comprehensive information
and tools for the study of protein post-translational modifications (PTMs) including phosphorylation,
ubiquitination, acetylation and methylation. See About PhosphoSite above for more information.

Please cite the following reference for this resource: Horbeck PV, et al (2015) PhosphoSitePlus, 2014:

A PROTEIN MODIFICATION RESOURCE

PROTEIN OR SUBSTRATE SEARCH

|

L -

ADVANCED SEARCH AND BROWSE OPTIONS

% Protein, Sequence, or Reference Search

| Protein Name: ¥ | |

? Site Search
@2 comparative Site Search
? Browse MS2 Data By Disease

% Browse MS2 Data by Cell Line

“ Browse MS2 Data by Tissue

DOWNLOADS, LINKS & APPLICATIONS

ML Reprints, References, Supplemental Tables

g" Downloadable Datasets

EI% Motif Analysis Tools

WHAT'S NEW

Dec 2014 Download PhosphoSitePlus, 2014: mutations, PTMs and
re-callbrations. Nucleic Acids Res.(2015) 43:D512-20.

Aug 2014 Download PTMVar dataset: Overlap of disease missense mutations &
genetic variants, with their corresponding PTMs and flanking sequences.

Jui 2012 Download Datasets of Regulatory or Disease-Associated Sites.

Dec 2011 Download "PhosphoSitePlus: a comprehensive resource...” in
January 2012 issue of Nucleic Acids Research.

Jui 2011 Multiple Sequence Alignment (MSA) added to the Protein Page.

L. vy
SITE STATISTICS

TOTAL NOMN-REDUNDANT
Proteins: 52,894 20,102
Sites, all types: 469,617 372,630
Low throughput (LTP) sites: 21,665 16,840
High throughput (HTP) MS sites: 459,259 364,806
MS peptides: 2,145,451 430,687
Number curated papers: 19,769
MODIFICATION SITE STATISTICS, NON-REDUNDANT:
Acetylation: 36,280 Caspase cleavage: 482
Di-Methylation: 2,583 Methylation: 192
Mono-Methylation: 4,999 O-Galnac: 2,118
O-Glcnac: 1,456 Phospho-Ser: 156,203
Phospho-Thr: 64,379 Phospho-Tyr: 42,164
Succinylation: 4,628 Sumoylation: 852
Tri-Methylation: 322 Ubiquitylation: 56,725



Modification for p53

Meodification Sites and Domains

Show Modification Legend

Click here to view phosphorylation modifications only

]

p53 (human) -- 393 amino acids |_|Hide sites with only 1 MS/HTP reference | |Show only sites with more than 5 references

Medification Sites in Parent Protein, Orthologs, and Isoforms Show Modification Legend

Show Multiple Sequence Alignment

LTP HTP human mouse rat rabbit monkey
¥ Show Isoforms
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SLiMs

are compact, degenerate protein interaction interfaces (in
IDRSs)

are ubiquitous in eukaryotic proteomes and mediate many
regulatory functions:

directing ligand binding
providing docking sites for modifying enzymes
controlling protein stability

acting as signals to target proteins to specific subcellular
locations



Molecular switches

PTM-induced binding PTM:i i ibili
LAT — Yool — ¥b —YxxL— NEATc1 ¥, _-J_

CYTOPLASM

X ./

Intrinsic affinity switch

Integrin B3 Integrin p3



Available online at www.sciencediract.com

SciVerse ScienceDirect

1II.HI. .\'Il{!{
Motif switches: decision-making in cell regulation
Kim Van Roey', Toby J Gibson' and Norman E Davey'*®

Six classes of molecular
switch involving IDP

* Binary Switch

#* Simple On-Off
* Specificity Switch

* Multiple On states
* Motif-Hiding Switch

#* Conditional motif accessibility
%* Cumulative Switch

% Graduated rheostat-like
behaviour

* Avidity sensing
* Sharp, cooperative affinity shift
* Sequential Switch

#* Strict logical dependence of

execution
Monday, 21 October 13

A: Binary switch

PTM-induced binding
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http://switches.elm.eu.org

switches.ELM Home
Switch #: Switch type: Switch subtype:
< SWTI000323 & Specificity @ Domain hiding @
Description:

Phospharylation of lsoform Nedd4-2a of E3 ubiquitin-protein ligase NEDD4-like (NEDD4L) by
Serine/threonine-protein kinase Sgk1 (SGK1) induces binding to 14-3-3 protein eta (YWHAH).
This inhibits (whether allosterically or sterically is not known) interactions of NEDD4L via its
WW domains with the PY motif in Amiloride-sensitive sodium channel subunit gamma
(SCNN1G) (ENaC). As a result, ENaC does not get degraded and ENaC-mediated Na+
currents increase.

YWHAH NEDD4L
1433
P W
LIG 14-3-3 1 % [ LTG ww 1
NEDD4L SCNN1G
Participants:

(1) fsoform Nedd4-2a of E3 ubiquitin-protein ligase NEDD4-like (NEDD4L)
(2) 14-3-3 protein eta [YWHAH)
(3) Amiloride-sensitive sodium channel subunit gamma (SCNN1G)
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Interaction #1 NEDD4L - YWHAH

Is mutually exclusive with Interaction #2 SCNN1G - NEDD4L

Interfaces
(1) LIG_14-3-3_1 motif (4ssRSLSSP47) in [soform Nedd4-2a of E3 ubiquitin-protein ligase
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Izoform 8 of E3 ubiquitin-protein ligase NEDD4-like (NEDDA4L)
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