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Post-translational

Modifications

o Definition

— Covalent modification of side chains In
proteins after they are translated and exit
from the ribosomes.

« General Purpose:

— To alter the function, destination, or fate
of the translated protein

— To expand the functional group
repertoire of proteins beyond the 20
'natural’' amino acids.



Post-translational Modifications

« Proteolytic Cleavage

— Conversion of an inactive protein precursor
(proprotein) to the active form

— Removal of a signal peptide from a preprotein.
— Conversion of zymogens to active enzymes
— Removal of initiating methionine
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Post-translational

Modifications
« Glycoproteins

— Proteins covalently linked to carbohydrate (Glucose,
galactose, mannose, fucose, GalNAc, GIcNAc, NANA).
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Post-translational
Modifications

« Glycosidic bonds
— O-linked (Ser, Thr, Hydroxy-Lys),
— N-linked (predominant).

GalNAc linkage to Ser, Thr GIcNAc linkage to Asn
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Post-translational Modifications

Oligosaccharides
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Post-translational Modifications

« N-terminal and Lysine side-Chain Acylation

— acetylation .
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Post-translational Modifications

« Cys Lipidation
— Prenylation
« Farnesylation
« Geranylgeranylation
— Palmitoylation

SH
; S CH2)15CHa
ME F’aimrt@yl-CoﬁL r T{ ) Cys-lipidation (acylation)
SH
M]: Cqg-or Czu-PF’F S H = Cys-prenylation

i—\

Cys



Post-translational Modifications
« Methylation

|_ I Ad r:JSBT_)II:H
— N oS O
yS. e MEt’\d_' SAH + H3C’Kw
— Arginine - -~

L

— C-terminal
« Glu Methylation and Carboxylation

COy CO5CH4
H SAM Glu Methylation
Glu
COy Oy -0 -Ca™
ATP, COs o _
- - Glu-y-carboxylation
- Wit KHa



Post-translational Modifications

« Phosphorylation 9
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Post-translational Modifications

o Sulfation
0
OH 0=>=0
O
o
e
S,




Post-translational Modifications

« Selenocysteine



Carbohydrates
N-linked oligosaccharides
O-linked oligosaccharides

Glycophosphoinositol-lipid anchors

C-Mannosylation

Lipids

Acylation
Palmitylation
Myristylation
Farnesylation
Prenylation
Geranylgeranylation

Cross-linking
Disulfide formation
Thiolester formation
Transglutamylation

Post-translational Modifications

Amino acid modification
Amidation—deamidation
Cysteinylation
Formylation
Citrullination

| soaspartylation
Detyrosination
Thioether addition
Gamma-carboxylation
Deimidation

Small adducts
Phosphorylation
Sulfation
Nitration
Acetylation
Formylation
Methylation
Oxidation
Hydroxylation
lodination
Biotinylation



Post-translational Modifications
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Post-translational Modifications

« Many PTMs have been discovered serendipitously
during studies of individual proteins and
biological processes.

« Direct PTM analysis provides a complete analysis,
but is slow and sometimes not even possible for
certain proteins because of problems of isolation
and obtaining sufficient amounts.

« Proteomics analysis is high throughput, but
typically incomplete in its ability to completely
characterize the protein primary sequence

« How can proteomics be applied to the analysis of
PTMS?



Isolation of Modified Proteins

« Consideration: A single gene can have many
gene products due to alternative splicing and
multiple modification combinations.

« A lot of protein is necessary (~1ug).
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Isolation of Modified Proteins

« A suitable expression
(eg baculovirus) can
sometimes be employed
to recombinantly
express the protein(s) to
be studied.

« Caveat: recombinant
systems do not always
produce identical PTMs
to the those of
mammalian cells.

acitovirs



Isolation of Modified Proteins

o 2D Gel electrophoresis typically can
be used to separate modified
proteins.




PTM Mapping a Purified Protein
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PTM Mapping a Purified Protein

o Segquencing: Edman degradation
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PTM Mapping a Purified Protein

o Segquencing: Edman degradation

Edman Degradation
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PTM Mapping a Purified Protein
o Sequencing: Mass Spectrometry
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PTM Mapping a Purified Protein
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Post-translational Modifications
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PTM Mapping a Purified Protein

Table 1. Some common and important post-translational modifications

PTM type AMass® (Da) Stability® Function and notes

Phosphorylation Reversible, activationfinactivation of enzyme activity,
pTyr +80 +H modulation of molecular interactions, signaling
pSer, pThr +80 4+

Acetylation +42 s Protein stability, protection of N terminus. Regulation of

protein—DNA interactions (histones)

Methylation +14 ot Regulation of gene expression

Acylation, fatty acid modification Cellular localization and targeting signals, membrane
Farnesyl +204 +++ tethering, mediator of protein—protein interactions
Myristoyl +210 +h
Palmitoyl +238 e
etc.

Glycosylation
N-linked =800 +H++ Excreted proteins, cell-cell recognition/signaling
O-linked 203, =800 +++ O-GlcNAc, reversible, regulatory functions

GPI anchor =>1,000 ++ Glycosylphosphatidylinositol (GPI) anchor. Membrane

tethering of enzymes and receptors, mainly to outer leaflet
of plasma membrane

Hydraxyproline +16 +H+ Protein stability and protein-ligand interactions

Sulfation (sTyr) +80 + Modulator of protein-protein and receptor-ligand interactions
Disulfide bond formation =2 L Intra- and intermolecular crosslink, protein stability
Deamidation +1 4+ Possible regulator of protein-ligand and protein—protein

interactions, also a common chemical artifact
Pyroglutamic acid -17 ++ Protein stability, blocked N terminus

Ubigquitination =1,000 +[++ Destruction signal. After tryptic digestion, ubiguitination site
is modified with the Gly-Gly dipeptide

Nitration of tyrosine +45 +/++ Oxidative damage during inflammation

A more comprehensive list of PTM Amass values can be found at: http:/iwww.abrf orgfindex.cfm/dm. home
bStability: + labile in tandem mass spectrometry, ++ moderately stable; +++ stable.

Mann M, Jensen ON. (2003) Nat Biotechnol. 21:255-61.



PTM Mapping a Purified Protein

« Unmatched masses can arise from
several sources:
— Contaminating proteins
— Chemical modifications (eg MetO)
— Unexpected cleavage

« The remaining unmatched matches
can be considered PTMs.



PTM Mapping a Purlfled Proteln
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PTM Mapping a Purified Protein

« “Second pass” software has been
written to help identify PTMs after
protein identification.

— FindMod
— GlycoMod
— FindPept
— Salsa



FindMod

Edit View Go Bookmarks Tools Window Help

= FD%W = R:%ad Sgigp [ mupticaex pusy orgfegibin/indimod_form.pl lv” 8. Search| Pﬁﬁ

| ¢ ExPASy -FindMod tool l x

\ i ExPASy Home page | Site Map | Search ExPASy | Contact us | Proteomies tools | Swiss-Prot |

Search | SwissProvTrEMBL =] for jpo2990 Go | _Clear |

FindMod tool

FindMod is a tool that can predict potential protein post-translational modifications (PTM) and find potential single amino acid
substitutions in peptides.

The experimentally measured peptide masses are compared with the theoretical peptides calculated from a specified
Swiss-Prot/TrTEMBL entry or from a user-entered sequence, and mass differences are used to better characterise the protein of interest

Documentation / Mass values and considered PTMs / Reference].

Swiss-Prot/TrEMBL ID or AC or user-entered sequence:
EFTU_ECOLT

If your protein is not in Swiss-Prot or TITEMBL, please specify (if known) the source of your protein:
" Eukaryote or ¢ Prokaryote or ¢ Archaebacteriaor ¢ Virus ([~ Phage).

{This information will be used to determine whether certain post-translational modifications are likely to occur in your sequence.)

Enter a list of peptide masses and intensities {optional) that correspond to
the specified protein. Enter one mass, space and its intensity per line:
422 0885

79.1100 Or upload a file from your computer, from which the peptide
3081633 masses will be extracted (supported formats):
112.9024 Broweee,
169.0239 _I
060 . 1680
3760.8349
3355-»\&'03115 I:IEE!ﬁ‘

http://ca.expasy.org/tool s/findmod/
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™ NiceProt View of Swiss-Prot: P02990 - Mozilla T "

P Fle Edit View Go Bookmarks Tools Window Help
Eé;k - Fo’%w - R:%m ;{Ep [& nup tfw\nwaxp‘.\;y.mg/cgvrhm/mc|v”é‘5mmh‘ ;ﬂjm =
| AYHome | fBookmarks SMAIL map #bpdocs fuk fonion L1, 4 Google 4 perl
3 | # NicePro \iewafsv«'\:sr}’m(:}"." x
Key From To Length Description
INIT_MET 0 o
NP_BIND 18 25 8 CTP.
NP_EIND 80 84 H GTE.
NP_BIND 135 138 4 GTP.
BINDING Bl 81 ASSOCIATED WITH AMINOACYL-TRNA BINDING.
BINDING 137 137 ASSOCTATED WITH GUANOSINE NUCLEOTIDE BINDING ACTIVITIES.
MOD_RES L b ACETYLATION.
MOD_RES 56 56 N6-methyllysine (partial).
MOD_RES 56 56 N6,N6-dimethyllysine (partial).
MOD_RES 382 382 Phosphothreonine..
VARIANT 393 393 3 S -> 6 (in tufd).
MUTAGEN 19 19 H->A: No change in binding GDP and 3-fold reduction in
binding EF-Ts.
MUTAGEN 20 20 V->G: Lowers GTPase activity 5 to 10-fold.
MUTAGEN 82 82 P->T: Loss of GIPase activity and creation of an
autophosphorylation site.
MUTAGEN 14 114 Q->A: Weaker binding for GDP and for EF-Ts.
MUTAGEN 136 136 K->R,0,E,I: Reduces affinity for GDP.
MUTAGEN 138 138 D->N: Reduces affinity for GDP; increases affinity for XDP.
MUTAGEN 124 124 Q-»K: Kirromycin resistant.
MUTAGEN 222 222 G->D: Inhibits codon-induced conformational changes leading
to gtpase activation on the ribosome.
MUTAGEN 230 230 R->C: Pulvomycin resistant.
MUTAGEN 316 316 G-»D: Kirromycin resistant.
MUTAGEN 333 333 R->C: Pulvomycin resistant.
MUTAGEN 334 334 T-»A: Pulvomycin resistant.
MUTAGEN 348 348 E->A: No change in binding GDP but higher binding constant
for EF-Ts.
MUTAGEN 375 375 A->T,V: Kirromycin resistant.
STRAND 1n 17 7
TURN 20 2 2
HELIX 24 39 16
HELTX 46 50 5
STRAND M 57 4
TURN 58 59 2
e 2 | Done I




FindMod

elongation factor TU

« Example: Lysine Dimethylation in E. coli

ExPASy - FindMod tool - Mozilla ™"

P File Edit Miew Go Bookmarks Tools Window Help

2 . » _da @

Py SR L e [ hup:iicaexpasy orefegi-binsfindmod_form.pl IT“&&BH‘I|

& .

Print

4 ExPASy - FindMad tool |

\ i ExPASy Home page | SiteMap |  Search ExPASy \ Contact us | Prateomics tools \ Swiss-Prot |

Search | Swiss-ProVTEMBL | for [pu2990 Go | Clear

' FindMod tool

substitutions in peptides.

The experimentally measured peptide masses are compared with the theoretical peptides calculated from a specified

Jocumentation / Mass values and considered PTMs / Reference].

FindMod is a tool that can predict potential protein post-translational modifications (PTM) and find potential single amino acid

Swiss-Prot/TrEMBL entry or from a user-entered sequence, and mass differences are used to better characterise the protein of interest

Swiss-Prot/TrEMBL ID or AC or user-entered sequence:
EFTU_ECOLT

1f your protein is not in Swiss-Prot or TrEMBL., please specify (if known) the source of your protein:
¢ Eukaryote or ¢ Prokaryote or ( Archaebacteria or ¢ Virus ([~ Phage).

(This information will be used to determine whether certain post-translational modifications are likely to occur in your sequence.)

Enter a list of peptide masses and intensities (optional) that correspond to
the specified protein. Enter one mass, space and its intensity per line:

4?32?3; Or upload a file from your computer, from which the peptide
308.1633 masses will be extracted (supported formats):
112.9024 [ Bows.
169.9239 —I
060.1680
3760.8349

2 | Done

[— e«




« Example: Lysine Dimethylation in E. coli

FindMod

elongation factor TU

[=l[=][x]/

v| File Edit View Go Bookmarks Tools Window Help

i Back

e . ® .3 @

Forward

Reload

Stop

Itﬁ http:/feaexpasy.orgfegi-hin/findmod(.pl

[z 3 .

o bpdocs Ffuk _Fonion £1. 4 Google #perl ¢ Local SP é,mmammpage ¢ Wishart SP A CCDB #Bi0 #PGS ¢ booksonline $&’qu

Jf,'}l{ume  fBookmarks #MAIL _# map

=

| 4# ExPASy -FindMod tool

S

|44 1

o

| HYAHVDCPGHADYVEKNMITGAAQMDGAILVVAATDGPMPQTR

|?5-116

[(1xCys_CAM) | ﬁ

|Potentia]1y modified peptides, detected by mass difference and conforming to rules (considering only peptide masses that have not matched above):

| User mass ‘ DB mass | mass diff. ‘ maod. diff. ‘ Amass (Dalton) | potential mod. ‘ #MC | peptide ‘ position ‘ known modifications
1631800 16037710 [28.0200 280314 | 0.002 |DIMETH | 1 |AFDQIDNAPEEKAR 4558 ||

1631.800 | 1617.7867 |14.0133 140157 | 0.002 |METH | |AFDQIDNAPEEKAR 4558 | (METH: 56)

1631.800 | 1616.7407 |15.0593 14.9997 0.059 DEAME 1 |ETQKSTCTGVEMER 249.262

1631.800 | 1616.7407 150593 14.9996 0.059 ALKY -DEAM | |ETQKSTCTGVEMFR 249262

1631800  |1616.7407 150593 14.9997 0.059 DEAM-METH 1 |ETOKSTCTGVEMER 249262

1631.800 | 13156133 (3161867 316.1402 0.046 BROM-PALM | 1 [STCTGVEMFRK 253263 | (1xCys_CAM)
1631800 15749376 568624 |57.0103 0.148 ACET-DEAME | 0 |GQVLAKPGTIKPHTK 1289-303
1631800 15749376 [s68624  57.0215 | 0.159 |cAM-METH | 0 |GQVLAKPGTIPHT! 289303 | I
1631800 15749376 |s68624 570705 | 0.208 |METHTRIMETH | 0 |GUVLAKPGTIXPHT! 289303 |
|Potential PTMs detected by mass differences, but not confirmed by rules:
| User mass ‘ DB mass ‘ mass diff. ‘ mod. diff. ‘ Amass (Dalton) ‘ potential mod. | #MC ‘ peptide ‘ position ‘ known modifications
1631800 13766328 2551672 |255.1167 | 0.049 BIOT-DIMETP | 0 |AFDQIDNAPEEK 4556 |
1631800 13766328 255.1672 2550678 | 0.098 BIOT-NTRY | 0 |AFDQIDNAPEEK 4556 |
e o | == e = s G | o
e O | Done [ — T




Counts

FindMod
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FindMod

M5 -Product - Mozilla T " [=][=i[x]
File Edit Miew Go Bookmarks Tools Window Help

o - FD%a.rd - R;%ad S?}p I& http:/fprospectorucst.eduf/uesthtml 4.0/msprod.htm |v”£_5earth| Pcr:lft =

MS-PI‘Oduct by Peter Baker and Karl Clauser) Instructions

A tool from the UCSF Mass Spectrometry Facility that calculates the possible fragment ions resulting from fragmentation of a peptide in a
mass spectrometer. Fragmentation possibilities for post-source decay (PSD). high-energy collision-induced dissociation (CID). and
low-energy CID processes may be calculated. The fragment ion types seen in PSD are the default selections. The program generally uses
the standard Biemann-style nomenclature: Biemann, K. Methad Enzymol 1990, 193, 856-888.

MS-Product can accept a data set as a parameter and show matching peaks.

| ProteinProspector Home | MS-Fit 1 MS-Tag ! MS-Seq | MS-Bridge | MS-Pattern
i MS-Digest |[\H]S-C0rll]g !DB-Stat |NIS-lsolop£ [ MS-Homology |MS—Praducl at UCSF (San Francisco)
Calculate masses as: | monoisotopic _;[ Max. Reported Charge: m Cysteines Modified by: IW
----Peptide----

Enter Sequence in Capital letters except:
I m - Met-ox | q - Pyroglutamic acid | h - Homoserine lactone | s.t.y - Phosphorylated 5.T.Y | u, v. w. x - user specified amino acids |
N-terminus Sequence C-terminus

Hydrogen | ¥] AFDQIDNAPEExAR Frec Acid |~
Induce Fragmentation ‘

----- Fragment fon Types to be Listed =----
(some types require presence of specific AA's in ion)

Instrument: | MALDI-TOF | | Use instrument specific defaults to override ion types below [Z

AA Composition jons [N-term sequence ions | C-term sequence jfons ‘ [nterna.l La(].der.
Fragment-ions sequencing ions
‘ il” ‘ m[ |ar |hl_ |cr ixl_ ‘yl-'_|‘fl—!z|_ | internal [~ |N-term|_ C-term [
Satellite Seqnanee Tnns Neutral-loss Sequence Ions Peeling Sequence lons

( side-chain loss )

-HPO, ™ LSOCH, ™ | Multiple

-HOF || -NH,F b+H,0 [+
arr || vIr | wl™ ; B KJ = S Ly m Losses Hz e
S, T.E,D R K, Q, (S, T.Y+PO) || (M+0x) r R,H. K,
User Specified AA elemental composition {ul: |
User Specified AA elemental composition (v): |
User Specified AA elemental composition (w): |
User Specified AA elemental composition (x): |cs Hl6N201
A [—=

http://prospector.ucsf.edu/ucsfhtml4.0/msprod.htm



FindMod

(B oy e oo iy e S et T o e 1 T ol 3
M5-Product Search Results - Mozilla —"~

File Edit VYiew Go Bookmarks Tools Window Help

'&- . @. - \a :§§P l& http:/fprospectorucsf.edufucstbind /mssearch.cgi |j_ll£_5enrch‘ li?ﬂ - ‘

Bick ~ Forwud  Reload  Sio

i

MS-Product Search Results

Parameters

Sequence: AFDOQIDNAPEExAR

Amino Acid Composition: A3 D2 E2 F1 11 N1 P1 Q1 R1 x1
Peptide N terminus: Hydrogen

Peptide C terminus: Free Acid

User AA Formula 4: C8 H16 N2 O1

Cysteine Modification: carbamidomethylation

Instrument Name: MALDI-TOF

lon Types Considered: y, h, n, B

Elemental Compositon: CT0 HI 11 N20 025

All fragment ion masses below are calculated as: monoisotopic masses
Peptide Mass MH+(monoisotopic 1: 1631.8029

Peptide Mass MH+[a\'erage]: 1632.7816

N-terminal
ions
1 2 3 4 5 6 7 8 9 10 11 12 13 14
H- A ¥ D Q 1 D N A r E E X A R -OH
14 13 12 11 10 9 8 7 6 5 4 3 2 1
C-terminal
ions

--- 1560.77 1413.70 1298.67 1170.61 1057.53 942.50 82B.46 757.42 660.37 531.33 402.28 246.16 175.12 y ions
- 154374 1396.67 1281.64 [153.59 1040.50 92547 81143 74039 643.34 51430 385.26 229.13 158.09 Y'NH3 ions

‘ISS.{]Q |3'l-NHJ: |514.30 !r;NHJ !Sl 1.43 |5',-NH3 !uss.sq |ym-NH3:|1543.74 !m—NHJ

‘175.12 !y, |531.33 !}'4 |828.46 |3'., |117a.m |ym |1560.77 !"13

220.13 |J'2-NH3.|643.34 |.v5-NH_1 |025.47 |5',;-NH3 |1281.64 |y“-NH3.

‘246.16 |r2 |aao.3? |rs itm.so |ys |qus.6? |y“

‘385.26 |3'3-NH3: |740.39 !rﬁ-NHJ |1u40.50 |J‘9-NH3 !1396.67 |!u-NH3:

‘402.28 !3'3 |757.42 !3'6 |1057.53 |J‘._, |1413.m |yu

% Z | Done | — T



FindMod

Ion type Amino acid or sequence Measured mass Theoretical mass

Immonium P 70.0 70

I/L 86.2 86

Q 100.9 101

R 112.3 112

F 120.1 120
a2 AF- 190.0 191.3
b2 AF- 219.2 219.3
b3 AFD- 334.0 3344
y 1 -R 175.1 175.2
v2 . 246.0 246.3
vy 3-NH, K(dimeth)AR 385.6 385.5
v3 K{dimeth)AR 4024 402.5
y 4-NH, -FK(dimeth) AR 513.5 514.6
v 4 -EK(dimeth) AR 531.9 531.6
v 6-NH, PEEK(dimeth)AR 740.9 740.8
ve -PEEK(dimeth)AR 757.7 757.9
Internal -PE- 227.1 FaT 2
Fragments® -PEE- 356.8 356.4
-EEK(dimeth)A- 486.2 486.5
-PEEK{dimeth)A- 583.3 533.7
-DQIDN APEEK (dimeth)A- 12222 1222.3

Wilkins et a. (1999) J. Moal. Biol. 289:645-657



FindMod

o« Considers about 30 modifications

« Cannot handle complex modifications
such as glycosylation (except O-
GlcNac).



GlycoMod

« Glycosylation is one of the most
common PTMs (estimated >50% of all
proteins are glycosylated).

« Glycosylations can be quite complex

« GlycoMod finds all possible
compositions of a glycan structure
from its experimentally determined
mass.



Glycosylation

« O-linked

— Ser, Thr, Hydroxy-Lys, or hydroxy-Pro

— Glycan can be linked to Ser or Thr via a
phosphate group (a phosphodiester linkage).

OH

H Ot O0—CH.—CH

HS NH  Serine '

Q-linkage to GalNAc



Glycosylation
» N-linked

— Linkage is through amide nitrogen of Asparagine

— Almost always have GIcNAc at the reducing
terminus

— Consensus sequence:. -Asn-[!Pro]-[Ser|Thr|(Cys)]

HO ~miy—_C—CH.—CH

N-linkage to GlcNAc



Glycosylation
» N-linked

— Almost always contains the core pentasaccharide
Man (al1-6)[Man(al-3)]Man(B1-4)GIcNAc(B1-4)GIcNAc(B1-4)

M, M'-Diacetylchitobiose cora

Man —tlchliAc GlchlAc Asn
o T-4) Y 114 Y (1N

il 1-21




Glycosylation

« N-linked
— High mannose type

High-Mannose Glycans

=——UKNAL =——=0kNAC

Y p1-4) . 01-4) - N}!

2,
f1-3) :
it{1-2)

Cat) a2

__Gll:hm-: % Asn
v O-4) .- BO-N) -’




Glycosylation

« N-linked
— Complex type

Complex Tetraantennary Glycan

Sialic Acid
Terminus Lactosamine

— | Man 3GIcNAc2C0re

Fuc®

IENAL e G CNAC Asn '

S - R P




Glycosylation

e N-linked
— Hybrid type

Hybrid Glycans
r— — A,
Glhfe =GIChAL Asn

F 501-4) 1) N —

. e '
@{2-6) 51-4) . 'ﬂlls{ui .
xﬂﬁlﬁkt—ol I: /

A—
| ==t H AL ———TlcMAC = Asn

[H1-4) N (1 -4) " (31N




« PNGase

Glycosylation

Peptide:N-glycanase activity

NH,=(X),-N-X-S/T-(X).-COOH

GlecMAc
|
GlcNAc

|
M an

+ NH, +

PNGase 2

Man Man

R

R

Free N-glycan

NH,~(X ), -D-X-S/T-(X).-COOH

GlcNAc

|
GlcNAC

I
Man
VRN

Man Mlan

Ri Ry



Glycosylation
O-Glycosidase

D and Trisialated O-Linked Glycans

cald-3) rﬁ[i 3 0] Dlm
Gmkﬂ— Ser/Thr

B a3 P13 o 5110 A, - .
HauhlAc Gal Gallic Sty Meu Fiac @
FO—=¢ T O—8T

v - — .
” ta-17-6) (#-2(3,6,8.9)-Neuraminidase = ai2-6)
N |

213,689 -Neuraminidase =

N X

P13 g (1 r:m-h

' GalMAC

O-Glycosidase

0

O-Linked Core 2 Hexasaccharide

MaulAc == MM iz
v  af2-8) -

B 1-h-Galactosidase

B wl2-3) j —
T = G|

MeuMAc

(3143
(-203, 6,89 -Nauraminidase (I B H-Acatylalucosaminidase
+ P12} _h
« SerfThr

Ga lhAe
— O

Hleuhl A
v al2-3)



Glycosylation

« MS cannot distinguish between monosaccharides with the
same mass:. o

"CH,
H 0. H
H
OH H
OH OH
H OH
Glucose
HO
\\“CHZ
H 0. H
“Hexoses’ on o
OH
exo b 1
HO
H H CH,
0
Mannose HoA H
”O\CHZ OH H
OH OH
0
OH H H  HN_
C=—0

N-acetylglucosamine

H

OH H s
\ H3C
H OH

H

OH

Galactose



Glycosylation

20

16+

Relative abundance, %

¥ LEE-HA

1000

730.2535 Da).

Kjeldsen et al. Anal. Chem.2003, 75,2355-2361

GG ve e

H_ﬂ.:n * ggyi:n (2100 | D—J'L'l

(M+5H)™

-(Thr + ?"HaxHM + 2"'Hex}-l

Crafy

||‘3
c, ja

1950

1600 miz 2000

U T (LI (RN NN Lo R BT |3“u
Figure 4. ECD FT mass spectrum of 5+ of peptide 74—-959. Two
out of 10 potential sites were glycosylated, by N-linkage at Asn77
(add-on mass 2100.7765 Da) and O-linkage at Thri6 {add-on mass

2600

120
] MsAD -(NeuNAC)
2 [P
100 *+3
] -(NeuMAC) 120
i = . | | SORICAD ()
£ 8o *3 | 0 "
g %43
% o | ;'HI:
- B 1 +3
é 60| E“‘:
: ] o
% 40 Ezu: {Hexbiac)
o T {1 +3
T pl i o (e i
7 BE ma miz 80 Bon
20- A
3 MSIMS |
o | ! II y . ; ; ] .
400 Bo0 1200 m/z 1600 2000

Figure 5. M3AD and SCRI CAD {inset) FT mass spectra of 3+ of
the peptide from fraction Lys-C 18 showing consecutive losses of
two units of NeuNAc (291 Da), one unit of Hex (162 Da), and one
unit of HexMAc (203 Da).



GlycoMod

« Finds all possible
compositions of a
glycan structure from
Its experimentally
determined mass by
comparing the the
mass against a list of
precomputed glycan

MasSSes.
« http://ca.expasy.org/tools/glycomod/

rosoft Internet Explorer (5[]

Ble Edt Wew Fawories ook Hep | &

ZAExPASy - GlycoMad tool

Qe - ) - |x] |2] ¢ ravoress @Pweds €2)| (-

agtess [B o lcn oxposy oraftoshigycomenl

| d ExPASy Home page | Search ExPASy | Contact us
[Hosted by CBR Canada|Mirrer sites:|hustralia[Bolivi [Eorea|switzerland [Taiwan Ut

Search [SviseFrot/ THEIEL = for | Ga] [oess

[chin

GlycoMod Tool proteome

, systems

incegeatedproteame ecmaogy

6lycollad is a tool that can predict the possible oligosaccharide structures that occur on proteins from their
experimentally determined masses. The program can be used for free or derivatized oligosaccharides and for glyeopeptides
Documentation / Nass values / Reference / Disclaimer].

Note: You can use Glycanllass to calculate the mass of an oligosaccharide structure from its oligosaccharide composition.

Enter a list of experimental masses:

A1l mass values are
© average or @ monoisotopic. T

Or upload a file, containing one mass per line, from your computer:

Nass tolerance: +/= [0.2 | [Dalton 3]
Browse.

Ion mode and adducts:

positive negative neutral
& [iH]* © -
€ Na"or € K" © acetate or € trifluoroacetic acid | € []
€ other: [ masst[ | 0 others [ mess:[
© N-linked oli i de: € O-linked oli ide:
Form of N-linked oligosaccharide: OR Form of O-linked oligosaccharids:
[Glycopeptides (notif N-§-5/T/C (X not F) will be used) ¥] [Glycopeptides (only those eontaining 5 or T will be used) 7]

if 'Glycopeptides’, please specify:

A protein sequence or a Swiss—Prot/TrENBEL ID ar AC:

Alternatively, you can also enter a set of wmodified
peptide masses ([M]). These masses mist be average or
| monoisotopic in agreement with that specified above for
Enzyme: [Trypsin -]

max. [0 ZInissed cleavage sites (IC).

! & experimental masses: =
Cysteines treated with: |nething (in reduced form) ¥

™ acrylamide adducts on ¢ysteines [T methionines oxidized

if *Derivatised oligosaccharides’, pleace specify:
reducing terminal derivative : , mass:

Konosaccharide residues present (if known):
NMonosaccharide residues ave: © underivatised O permethylated O peracetylated.

range (if known): range (if knowm):

Hexose (e.g. Nan, Gal} [possible =] [ - [ Pentose (.. xylose) [possible 5] [ - [
Hexlic (e.g. GleNie, Gallac) [possibles] [ - [ Sulphate [possible =] [ - [
Deoxvhexose (e.g. fucose) [possiblew] [ - [ Phosphate [possivte 7] [ - [
Neuke (e.g. sialic acid)  [possivte ][ - [ KDN [possibte 7] [
HNewGe [possivte =] [ - [ Hexh (e.g. glucuronic acid) [possible 5][

I List compositions reported in GlycoSuiteDb separately.
To Tun the search: __Start Glycoliod
To clear all fields: _Reset

Tact medified 22/7asf2083 by TEE

dh_ExPASy Home page |
[Hosted by CBR Cana




GlycoMod

Table 1. Upper limits imposed on the number of residues of a particular monosaccha-
ride (based on a survey of the literature) found in O-linked and N-linked oligo-
saccharides using GlycoMod

Monosaccharide residue | O-linked oligesaccharides | N-linked cligosacchandes
Hexose 0-14 0-20
HexMNAc 0-14 0-20

Deoxyhexose 06 06
Meuhc 0-7 0-5
NeuGe 0-7 0-5

Pentose 0-3 0-3
Sulphate 06 0-3
Phosphate 06 0-2
KON 0-2 0-0
Hewh, 0-2 0-0

Cooper et al. (2001) Proteomics 1:340-349



GlycoMod

Example: 2-aminopyridine derivatised N-linked oligosaccharide
From horseradish peroxidase

)
Ee )
e
wn
=]
[ 3}
et
=)
—i
CH;.OH v
= 2
HRQ HO | 2
(3}
Hahl -\“'N (4
*-’-asctylglucosam:n: 2-aminopyridine
residue mass= 203.08 mass = 94,05
+ residue mass of R
+ mass of H
Rt:duc[mn
/‘@i”‘“*
HRO HRD
HO CH=N

Manab
102 ~d \ 1143.4
. ManP4GlcNAcB4GlcNAC '
[ [M+Na] *
Mana3 Xylp2
50 -
-I 1 I L 1
B‘% B B L o e o o S ey e s e R e S g e B
100 1850 1188 1150 1200
msz

=
CHaOH /OI
-
N

CHz‘_'N
NHA:

Final mass = 203,08 + 9405+ 2xH+ R
=200 15+ R

Figure 5. Derivatisation of an
oligosaccharide with N-acetyl-
glucosamine at the reducing ter-
minus, with 2-aminopyridine
(PA).



GlycoMod

Example: 2-aminopyridine derivatised N-linked oligosaccharide
From horseradish peroxidase

eMassVaue: 11434

«Mass Type: monoisotopic

«lonMode/Adducts. [M+Na]+

N-linked oligo form: Derivatised oligosaccharide
«Reducing terminal derivative id: 'PA'

«Reducing terminal derivative monoisotopic mass. 94.053



GlycoMod

Example: 2-aminopyridine derivatised N-linked oligosaccharide
From horseradish peroxidase

User mass: 1143.4

Adduct (N a+): 22989768
Derivative mass (PA): 926.06874

alycoform mass |[Amass (Dalton) structure type Links
1024.323 0.018 (Hez); (MNevhe); (Meulsc) (Pent), | -
1024.36 -0.018 (Hez); (HexlAc), (Pent), - |GlycoSuiteDB

2 structures found.
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FindPept tool

- L[] - - ‘ ‘ - - ’ 1 :
[ J I el I tl I eS t e O r I g I n O I I I I S S I n g FindPept can identify peptides that result from unspecific cleavage of proteins from their experimental masses, taking into account artefactual chermical

modifications, post-translational modifications (PTM) and protease autolytic cleavage. If you wish to take into account only specific cleavage, please use FindMod
instead.

. .
The experimentlly measursd peptide masses are compared with the theoretical peptides calculated from a specified Swiss-Prot TREMBL eatry or from a user-
entered sequence. If autolysis is to be taken into account, an enzyme entry must be specified from the drop-down list of enzymes for which the sequence is known.
D Mass values and considered PTMs / Reference]

R . Stwiss-Prof TIEMBL ID or AC or user-entered sequence (youmay speciy post a5 spscifed inthis document
- Enter a it of peptids masses and intensiies (optional) that correspond to the specified
rotein Enter one mass, space and its intensity per line:
l I l I V r SruloadieBomyorrcerputer Fom whithhepenfimasses
, will be extracted (supported formats)

=
Browse

. .
au tO IyS 1S Or k er at| N T oot

modification name _[abbreviation atom composition positions

[ o example oxyd |[mlz Lol Lol Iw[ ls[ || M
contaminants. 1 o i
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T autolytic cleavage of the enzyme
I specific cleavage of human keratins
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FindPept

Table 1. List of post-translational and artifactual modifications handled by FindPept. Modifi-
cations are applied optionally, except those marked with ['] which are quantitatively
applied. For more details on PTMs, see httpifwww.expasy.org/tools/findmod/

findmed_masses.html.

PTMs read in the feature table (FT lines) of a SWISS-PROT entry:

FT key

descrption

INIT_MET

Initiator methionine cleavage

MOD_RES and BINDING

Acetylation; amidation; beta-methylthiclation; bictin;
carbamylation; citrullination; deamidation; dimethylation;
FAD; formylation; gamma-carboxyglutamic acid;
hydrorylation; methylation; phosphorylation; pyridoxal
phosphate; phosphopantetheine; pyrrolidone carboxylic
acid; sulfation; trimethylation

CARBOHYD N-linked glycation, O-linked N-acetylglucosamination,
C-linked mannosylation
LIPID N-acyl diglyceride, tarnesyl, geranylgeranyl, lipoyl,

myristyl, palmityl, n-octanoy!

CHAIN and PEFTIDE

Cleavage of chains

Artificial modifications specified by the user:

— Treatment of cysteine by iodoacetamide, iodoacetic acid or 4-vinylpyridens [']
- Acrylamide adducts on cysteine

— Modification of methionins to hemoserine lactone by CNBr cleavage

— Oxidation of methionine

— Methyl esterification of carboxylate side chains and terminus [']

PTMs occurring frequently naturally which are considered by the program:

— Possible N-terminal acetylation
- Possible N-terminal formylation




FindPept

« Example: Atypical cleavage of chicken lysozyme

« Scenario: Chicken lysozyme C (P00698) digestion with
lysyl endopeptidase (Lys C) gives a mass at 1262.591
that cannot be explained by the cleavage rule for this
enzyme (carboxy side of Lys, including Lys Pro).

You have selected LYC CHICE (POD698) from Swiss—FProt:

Lyzozyme C precur=zor (EC 3.2.1.1T7) (1,4-betaN-acetylmaramidaze C) (AMlergen Gal 4 4) [Gal d IV).

Signal in positions 1-18 has been remowed.

= Chain Lysoryme C at pozitions 19 — 147 [Theoretical pI: 9. 32 / Mw [average mass): 14531314 / Mw (monoisotopic mass): 14303 5]

mass ipnsitinn #8C artif modification(s) peptide seguence

B39T. 1896 | S52-114 0 | Cyxs_CaM: 52, 94, 93, 112 T125 2755 |FESHFHTRATHEWNTDGSTDY GILAINSEWWCHDGRTFGSE WLCHIFCSALISSDITASYWH CAE
2280. 1090 32-51 O | Cx=s_CAM: 45 2337. 1305 | BHGLDNYRGYSLGHW VO AL

2177.0491 | 116-1354 0 | Cwxs_CAM: 133 2234, 0705 | IVSDGHGMEAWVANENECE

|14T4. TSE3 | 135-147 0 | Cxs_CAM: 145 1531, 7795 |GTDVRANIRGCEL

|12'E|5. B595 | 20-31 0 | Cwx=s_CAM: 24 1352, 6813 |VFGRCELAAAME

93. 4% of sequence covered (you mawy modify the input parameters to displawy also peptides < S00 Da):

1

1

11

21

21 41

a1

kV FCECELAAANM REHGLDHYRG YSLGHWYVCAA KFESHFHTHA [=41]

61 THEWHTDESTD ¥YEILRQIHSREW WCHDGRTPES BHLCHIPCSA LLSSDITASY HCARKIVWSDE 120

121 H-MHAWVAWE HRCEGTDVRA WIRGCEL




FindPept

« Example: Atypical cleavage of chicken lysozyme
« MS-MS analysis confirms (K)GTDVQAWIRGC(R).

« Myxobacter Lys C has been shown to cleave C-
term of Carboxymethylcysteine.

|latching peptides for specific cleavage:

User ﬁ.agg . s - ’ missed
‘ £ DB mass (ppm) peptide position modifications ‘ S aaEa e
i1352. Ba1 |1352. Ba1 ||:|. 200 | (K) /VFGRCELAAAME () |2|:|—31 |I2‘.L’S_I2ﬁ.l'|'l ||:|
ilSSl.TSD |1531.TSD |—|:|. 100 | () /GTDVEARTRGCEL |135—14T ||:fs_|:ﬁ.r.'| ||:|
|2234.DTD |2234.|:|71 ||:|.2|3|:| | (K / TVSDGHGMEANVAWRNECES (G) |115—134 |I2‘.L’S_I2ﬁ.l'|'l ||:|
|2337. 131 |2337. 130 |—|:|. 200 | (K] / BHGLDNYRFYSLGRNVCARE/ (F ) |32—51 ||:fs_|:ﬁ.r.'| ||:|
‘7125_275 - ‘D_DDD %) /FESHFNTQATNENTDGSTIT GILQINSRWWCHDGRIPGSR ‘52_11 " CYS_CAM CYS_CAM CYS_CAM 0

HLCHIPCSALLSSITTASYH CAE/ () CYS_CAM

|latching peptides for unspecific cleavage:

User mass |DB mass |MAmass (ppm] peptide position modifications (missed cleavages
I12E-2.591 I12E-2.583 I—E.EIEIEI IfKJ,-fIvSDGHGMHAwm 1115—127 | In
|12E-2.591 |12E-2.595 |2.acu:| |fI‘C)r‘GTD‘-l’QNHIRG§ (R |135—145 |I2‘1’S_I2.ﬂ.l'|'l ||:|
[1262.531 |1262.610 [14.900 | (JLATNSRWC (N (T4-ez | CYS_CAM o

| 1262. 591 |1252.515|19.5|:u:| | (/) HCAKKTVSDGHG (1) |111—122 |I2‘1’S_I2.ﬂ.l'|'l |1




SALSA

« MS/MS-based sequence prediction packages
cannot identify 'unanticipated' modifications.

100 100

80 - 80 -
60 -

40 A

%TIC
B o]
o S

%TIC

(M+H)+ = X+m (M+H)+ =X

« SALSA (Scoring ALgorithm for Spectral Analysis)
Uses pattern recognition identify motifs and PTMs
In MS/MS data.
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SALSA

« SALSA uses Sequences to find
patterns in MS/MS spectra; this is the
opposite of sequence prediction
programs like Mascot and SEQUEST.

« Can find modified peptides by
specifying the peptide sequences
manually

« SALSA score is not statistically
formulated.



PTMS and The Hypergeometric

Distribution

« The hypergeometric distribution models
the total number of “successes” In a fixed
size sample drawn without replacement
from a finite population.

— Eg. A deck of 52 cards has 16 face cards.
Say you were to draw randomly 10 cards from
the deck. What is the probability of getting 8
face cards?



The Hypergeometric Distribution

K|[M-=K
X/| n—x nj_ (n)!
y=f(xIM.K,n)= y x| (n)(n=x)!
Where: N

M isthe size of the population (52 cards).

K isthe number of items with the desired
characteristic in the population (16 face cards).

n i1sthe number of samples drawn (10).

X Isthe desired outcome (8 face cards).

16|(36|  (16)!  (36)!

- 8)12] (88! (2134 . 10
52 (52)!

(10) (10)1(42)




The Hypergeometric Distribution

1. Perform an in silico digestion of the protein database
and identify the (M+H)+ mass for each peptide.

2. Perform an in silico fragmentation of each peptide and
associate them with the parent ion.

3. Extract all the peptides from the database with a
parent (M+H)+ mass matching the experimental
parent mass and count the number of fragments for
each. The total number all these fragment masses is
the population size, M.



The Hypergeometric Distribution

4.

ldentify the number of these fragment ion
masses from peptide sequences that have a
match to a peak in the experimental spectrum,
K.

For each peptide sequence, the total number
of theoretical fragment ion masses is the
sample size, n.

The number of matches between the
theoretical and experimental spectrum is X.



The Hyergeometric Distribution

« Example: ATHILDFGPGGASGLGVLTHR Against
the NCBI Non-redundant Protein Database

| amesen0
%

b7
]
L. |l1 L

bl

M isthe total number of theoretical fragment
ions from the database that have (M+H)+
masses matching the experimental
spectrum (5 284 150).

K isthe subset of these fragment ions that
match a fragment ion peak in the
experimental spectrum (569 160).

n isthe number of fragment ionsfor the

‘ o peptide sequence under consideration (40).

nﬁ

Lr

]t T m\ M X isthe number of fragment ion matches
between the experimental and theoretical
fragmentation spectra (34).



The Hypergeometric Distribution

KI{M=K
X/| n—x nj_ (n)!
Y=t K == x| (n)!(n—x)
N

(569160)(34714990) (569160)!  (4714990)!
34 6 | (34)!(569126)! (6)!(4714984)!

)= (5284150) (5284150)!
40 (40)!(5284110)!

—1.0X 10—26.62

M 1is the total number of theoretical fragment ions from the database
that have (M+H)+ masses matching the experimental spectrum (5 284 150),
K 1is the subset of these fragment ions that match a fragment ion peak in
the experimental spectrum (569 160),
rn  is the number of fragment ions tor the peptide sequence under consideration (40).
x s the number of fragment ion matches between the experimental
and theoretical fragmentation spectra (34).



The Hypergeometric Distribution

« Significance of a match: How many peptides in a
database are expected to have the same or better
matches to the experimental spectrum?

« P-Value (Expectation Value)

0.25 i
g 024 E=M > P

8 015 | PP,

E o1 = 5284150x10 2662
S _ 19.90

c;‘é 0.05 |/ \\ = 1x10

AR AN A A

Number of Matches



The Hypergeometric Distribution

« The hypergeometric model is database

Independent:

— WFF Oatabase
= = = Yeast Diatabase

000 r , 1
0 il Ful

Murriber of Fragement lon Matches

The same experiment
conducted against the S.
cerevisiae databases (6200
sequences) gives a match
probability of 10261 (vs 102662
for NCBI NR).
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ldentifying Posttranslational
Modifications

Current protein sequence prediction packages
have limited ability to detect posttranslational
modifications.

100

40

%TIC

(M+H)+ = X+m (M+H)+ =X



ldentifying Posttranslational
Modifications

100

80 _ |
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Assume each of the spectra corresponds to a
candidate peptide.

Calculate the (M+H)+ difference between the
spectrum and the candidate peptide and determine m.

Assign m to each residue in the sequence, in turn.

Calculate the hypergeometric probability of the
spectrum and this candidate peptide.

If the match score improves over the original score,
then it is more probable that the spectrum corresponds
to a PTM peptide.

A look-up table can be used to identify the probable
PTM and determine if is compatible with the modified
residue.



ldentifying Posttranslational
Modifications

LASSLSVWVSLLLI PEDVCEK
| | GGNEVTPHSR

—PYMVLLSEDR ——

Tl CAGALI AK

DW/LTAAHCNI

| TTTYEEPTK

Q MLVK

EFPYPCYDPATR

EGDLKLL

PTM Candidate Pepti




ldentifying Posttranslational
Modifications

LASSLSVVVSLLLI PEDVCEK
| I GGNEVTPHSR
—PYMWLLSEDR

Tl CAGALI AK

DW/LTAAHCNI

| TTTYEEPTK
Q MLVK
EFPYPCYDPATR

EGDLKLL

PTM Candidate Pepti

m/z

Lrlr v el pl Tk




ldentifying Posttranslational
Modifications

LASSLSVVVSLLLI PEDVCEK

| I GGNEVTPHSR
—PYMWLLSEDR
TI CAGALI AK
DW/LTAAHCNL]
| TTTYEEPTK
Q MWK
EFPYPCYDPATR
EGDLKLL

PTM Candidate Peptides

m/z

Lr it vl el el pl 71k




ldentifying Posttranslational
Modifications

LASSLSVVVSLLLI PEDVCEK

| I GGNEVTPHSR
—PYMWLLSEDR

Tl CAGALI AK

Q MLVK
EFPYPCYDPATR
EGDLKLL

PTM Candidate Peptid

|—ET—FT—FT7EY—ﬁE—EE Cp 11K
(M+H)+ = 1175.62+m




