New PhosphoPep help page and tutorial for users

Buttons used in PhosphoPep

&  View available KEGG pathways for this protein (http://www.genome.jp/kegg/)’

© Start cytoscape network with this protein (http://www.cytoscape.org/)?

(DB View orthologs/homolog information (www.orthomcl.org/)?

» Search for protein interaction information in String (http:/string.embl.de/)*

Look up protein information in PeptideAtlas (http://www.peptideatlas.org/)°

& Search protein sequence at Scansite (http://scansite.mit.edu/)°

Importantly, as the current knowledge about cellular pathways is far from complete, only a
portion of the phosphoproteins can be placed into pathways. This partial knowledge also
applies to the orthologous protein information as well as to the prediction of a kinase for a
given phosphorylation site.

Scores and numbers used in PhosphoPep

PeptideProphet

Tryptic Ends

Peptide Mass
deltaCn

When interpreting tandem mass spectrometry data, it is crucial to
determine if an identification is correct. The PeptideProphet computes
a probability of a given fragment ion spectrum to be correctly assigned
to a peptide sequence by a given database search algorithm and
assigns a score accordingly” 8.

The range of the score is from 0 (worst) to 1 (best). Depending on the
dataset or database the probabilities can slightly vary at a given
threshold/score.

As we analyze peptides in our tandem mass spectrometry experiments
we have to digest the proteins using a protease. This is often done by
using trypsin. Trypsin cleaves after arginine and lysine but exhibits also
some unspecific cleavage®.

Two tryptic ends means that both ends were specifically cut by trypsin.
Molecular mass of the (phospho)peptide

The deltaCn score (dCn) is a score computed by the Sequest'®
algorithm which we use to interpret tandem mass spectra. The dCn is
the difference between the (normalized) cross-correlation parameter of
the first- and second-ranked amino acid sequence assigned to a

tandem mass spectrum. Simplified, the dCn tells you how much better
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the first (best) database search hit fits to a tandem mass spectrum than
the second hit. In the case of phosphopeptides the dCn also correlates
to the correctness of the phosphorylation site assignment within the
phosphopeptide sequence’”.

# Obs Number of times the phosphopeptide was identified in our experiments

# Mappings Maps to # of gene models / maps to # of transcripts

How to assess the quality of a phosphopeptide identified using tandem mass
spectrometry

In order to understand the basic methods of peptide identification using tandem mass
spectrometry we strongly recommend studying the presentation which you can find under the

link http://www.proteomesoftware.com/Proteome software pro interpreting.html *

The presentation is easy to understand and represents a nice introduction to proteomics.

Of note: As the following text was written for users without any experience in mass
spectrometry we attempted to describe each topic in a simplified manner, sometimes at the
expense of accuracy. For users who wish to learn more about each topic we propose to read

the literature given at the end of this tutorial.

When phosphopeptides are analyzed using liquid chromatography — tandem mass
spectrometry and phosphopeptide sequences are assigned to the resulting spectra using
database search algorithms, primarily two types of error can occur. The first type of error is
the mis-assignment of the fragment ion spectrum to a peptide sequence’ 8. The second type
of error is the mis-assignment of the site of phosphorylation in an otherwise correctly
identified phosphopeptide”.

Here we explain how each of the errors was assed and how the users of PhosphoPep can
use the computed scores and some rules to judge if a phosphopeptide was correctly

identified and the site correctly assigned.

* Proteome Software Inc.



Is the phosphopeptide correctly identified?

As mentioned above, one type of error in the automatic interpretation of tandem mass
spectra is the mis-assignment of the fragment ion spectrum to a peptide sequence. This type
of error can be estimated by applying statistical models such as the PeptideProphet® and/or
by using decoy sequence databases'.

All data loaded into PhosphoPep were assessed using both methods and we already applied
a stringent cut off on all data. Therefore the false positive content in the case of the fly data is
about 2.6 % (for yeast, worm and human this number is similar). This means that if you don’t
apply any further filter criteria about 1 out of 38 phosphopeptide entries is wrong. For
bioinformatic large scale analyses this false positive rate is in most cases very acceptable,
but for a biologist who wants to perform follow up experiments this can already be too high
and therefore it is desirable to choose your own false positive rate. So how do you choose
your own false positive rate?

One of the statistical tools to compute the false positive rate, the PeptideProphet®, computes
a score (ranging from 0 (worst) to 1(best)). This score is displayed for every peptide in
PhosphoPep'®. As mentioned above, we have already prefiltered the data, therefore the
lowest PeptideProphet score you will find is 0.8. The closer the score is to 1.0 the lower is
the chance that you pick a wrongly identified phosphopeptide. For example, at a Peptide
Prophet cut off of 0.99 approximately 0.2 % of all entries (equal or above this score) are
estimated to be false positive assignments (1 out of 500 phosphopeptide entries) for the fly
dataset.

@ Observed Phosphopgptides view transitions

Ildentifed Sequence Peptide) ‘rophet|Tryptic Ends|Peptide Mass|DeltaCN ppin
2

R.TTEASSFESEIK S 0.92 129552 023 4 1A T
K.SNGANRDEASDLAPTLR.S 0.96 2 175376 016 19 1/ Wik
K.SNGANRDSSIDLAPTLR.S 0.84 2 175378 002 1 1A Lk
K. RVBSDVLPK R 0.95 2 99352 021 6 1/ Wik

@ Protein/Peptide Sequence

YAL041W|CDC24
MAIQTRFASGTSLSDLEKPKPSATSISIPMQNVMNEPVTEQDSLFHICANIRKRLEVLPQL
KPFLOLAYQSSEVLSERQSLLLSQKQHQELLK|IEENSN - [SIIWN Iy R SSSISTATSLMS



With the button to the left you can choose the Prophet Score cut off on your own.

Search Peplides Synonyms S000000920

| i Protel sy ;

gf;T:ﬂs;D:TS Protein Summary Transmembrane osmosensor, participates in activation of both the Cdcd2p- and MAP kinase-
Ll filamentous growth pathway and the high-osmolarity glycerol response pathway

Bulk 8earch
MRM Transitions

2 Obs

erved (Phospho)peptides view transitions

+ -
Login ntifed Sequence PeptideProphet|Tryptic Ends|Peptide Mass|DeltaCN # Mappings|Links
X R MIETPY QNNYYMDAIR.D 0.93 1862.62 34 (NN
Prophet cutof: (0.9 ~ || & TPy GNNVYNDAR.D 097 2 186282 005 1 1A Wil
K GIRPSPLENEHLHR A 0.99 2 155678 028 1 11 WAL
@ Protein/Peptide Sequence

Current Organism
S. CEREVISIAE ¥YER118C|SHO1
MSISSKIRPTPREPSRMATDHSFEMEEFYADPFAISSISLAIVSWVIAIGGSISSASTNE

SFPRETWWGIVYQFLIICSLMLFYCFDLVDHYRIFITTSIAVAFVYNTNSATNLVYADGP
REAAASAGVILLSTINLIWILYYGGDNASPTNRWIDSFSIK{ERS RE'SPLENHI__HI_Q
Syste ms ¢ R[S TR R IS DSGYATOF DGY PQQOPSHTNYVSSTALAGF ENTQPNTSEAVNLH
Biolo gy LNTLOQRINSASNAKETHDNSNNQTNTNIGNTFDTDFSHGNTETTMGDTLGLYSDIGDDN
FIYKAKALYPYDADDDDAYEISFEQNEILOVSDIEGRWWEKARRANGETGI IPSNYVOLID

One further criterion which increases the certainty that a phosphopeptide was correctly
identified is the “# Obs” which tells you how often a phosphopeptide was identified in our

experiments.

@ Observed Phosphopeptides view transitions

Identifed Sequence PeptideProphei|Tryptic Ends|Peptide Mass|DeltaCN

R.TTBSSSFESEIK S 092 120552 023 4 1A
K. SNGANRDEXSDLAPTLR.S 096 2 175378 016 19 1/1 LJM
K SNGANRDS[SIDLAPTLR.S 0.84 2 175378 002 1 1A Ukl
K RVBDVLPK R 095 2 99352 021 6 1/ {idh
@ Protein/Peptide Sequence

YALO41W|CDC24

MAIQTRFASGTSLSDLEPKPSATSISIPMQNVMNEPVTEQDSLFHICANIRKRLEVLPQL
KPFLQLAYQSSEVLSERQSLLLSQRQHQELLK|EENINY - ISRV RIRYSSSISTATSLMS

The chance that a phosphopeptide which was identified multiple times is wrong is lower than
that of a phosphopeptides that was just identified once (but keep in mind that this is only a
rule of thumb and exceptions exist)"

So taken together, if you choose a phosphopeptide for follow up experiments make sure that

it has a high PeptideProphet score and was observed multiple times.



Is the site of phosphorylation correctly assigned?

Often phosphopeptides are rich in serine and threonine residues which can sometimes
puzzle the algorithm for the automatic interpretation of tandem mass spectra in regards to
which serine/threonine(/tyrosine) was phosphorylated''. Therefore another type of error
connected to phosphopeptides identified using tandem mass spectrometry is the mis-
assignment of the site of phosphorylation in an otherwise correctly identified
phosphopeptide”.

This error was estimated by comparing the search engine output scores for the potential
phosphorylated forms of a peptide, assuming that any hydroxy-amino acid in a
phosphopeptide could be phosphorylated. Based on this estimation we highlighted the
phosphopeptides either red (high probability of correct assignment) or yellow (low probability

of correct assignment)'® " '3,

As one typical approach to study protein phosphorylation is to mutate the site of
phosphorylation to another amino acid residue it is advisable to ascertain that you choose
the correct amino acid. There are several steps you can take in order to ensure that the site

of phosphorylation was correctly assigned.

1) Take a look at the dCn value.

The first step to determine the certainty in the phosphorylation site assignment is to look at
the dCn score. Simplified, the dCn tells you how much better the first (best) database search
hit fits to a tandem mass spectrum than the second hit. Now if the first and second hits are
the same phosphopeptide but the Sequest algorithm has problems to unequivocally assign

the phosphorylation site, the score will be very low, often close to zero.
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@ Observed Phosphopeptides view transitions

Identifed Sequence PeptideProphei|Tryptic Ends|Peptide Mass|DeltaCN

R. 'I'I'@SSFESE%I{ S 0.92 129552 0.23
K.SNGANRD@SDMPTLR.S 0.98 2 1753.78 0.16 19 11 |_|LJ_|_|_|_L|L
K.SNGANRDSDL&PTLR_S 0.84 2 1753.78 0.02 1 14 LJ,,L[L[L
K. RV[SjDVLF'K. R 0.95 2 993.52 0.21 b 11 LL.LML
@ Protein/Peptide Sequence

YALO41W|CDC24

MAIQTRFASGTSLSDLKPKPSATSISIPMQNVMNEPVTEQDSLFHICANIRKRLEVLPQL
KPFLQLAYQSSEVLSERQSLLLSQRQHQELLKERELGEY S RN SSSISTATSLMS

Again as a rule of thumb: The higher the dCn score the more certain is the phosphorylation
site assignment. Normally, a score of dCn > 0.125 corresponds to a high certainty that the
site is correctly assigned'".

Below a phosphopeptide is shown which was identified several times but the site of
phosphorylation could never be assigned with high certainty. As a result the same
phosphopeptide exists in several versions in PhosphoPep. Such agglomerations of the same
peptide with many different phosphorylation sites are a hint that the site is not well assigned

(but keep in mind, some proteins are heavily phosphorylated and therefore the same peptide

can exist in different phosphorylation forms). &

R.F[S"STPETENAFSATPR A, 0.93 2 191076 001 1 14 kb
R.RSSTPETENAFSATPR. A 0.84 2 191077 003 1 1A kb
R RSTSTPETIENAF SATPR A 081 2 191077 006 1 1/ itk
R REISTIPETENAF SATIPR A 090 2 198072 002 1 1A kb
R RSSTPETIENAF SATPR A 084 2 19077 01 1 A Wik
R RS TPETENAFSATPR A 094 2 19077 001 1 A Wik
R RSSTIPETENAFSATPR A 092 2 183079 006 1 1/ Wik
R RSSTIPETIENAFSATIFR A 095 2 198072 007 1 1A Wik
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2) Take a look at the kinase phosphorylation motif

An additional step to take in order to confirm a site of phosphorylation is to look at the
possible kinase motif surrounding the phosphorylation site'®. In the example below

phosphorylation sites on the protein FUS3, a MAPK, are shown. Here it is not clear whether

R.IIDESAADNSEPTGQQS*GMTEY*VATR.W
or

R.IIDESAADNSEPTGQQSGMT*EY*VATR.W

is correct. Knowing that the MAP kinases are activated by the phosphorylation in the TXY

motif we can assume that the R.IIDESAADNSEPTGQQSGMT*EY*VATR.W is correct.

@ Observed Phosphopeptides view transitions

et Senvrcs — il et sl o e e
R IIDESA&DNSEPTGGOGMTEATR Wy 0.93 2 293017 0.06 1 1M MJJML
R IIDESMDNSEPTGQGSGMEEATR Wy 0.85 2 293017 0.06 1 11 M{L

3) Predict the motif using Scansite

In case you do not have all kinase motifs memorized you can use the Scansite algorithm® to
search the protein sequence for possible kinase motifs. For this simply click on the button

% “Search protein sequence at Scansite” in the “Protein Info” section.

Protein Info v
yBLew @@ @ |\ %

Protein Name FUS3
Protein Symbol FUS3
Subcellular L ocation [[N{E1=11MES
Swiss Prot 1D 000000112

Synonyms 5000000112
Mitogen-activated serine/threonine protein kinase invohn

CIGICTL RGBT TR Ste12p, Farlp, Bnilp, Sst2p; inhibits invasive growth du
degradation
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4) Check the evolutionary conservation of the site

You can also check whether your phosphorylation site of interest is evolutionary conserved

which can be an additional indication for the correct assignment of a phosphorylation site.

For this click on the button Il “View orthologs/homolog information”

YELW1Ew & @k @ |\ *

Protein Info

Protein Name FUS3

Protein Symbol FUS3

Subcellular L ocation|[FHEM=IIEN
Swiss Prot ID S000000112

Synonyms S000000112

Mitogen-activated serine/threonine protein kinase involn
SCTEL R EL I Ste12p, Farlp, Bnilp, Sst2p; inhibits invasive growth du
degradation

and a new window will be opened, showing the alignment of the amino acid sequences with
the identified phosphorylation sites between yeast, worm fly and human. In the example
below, we can conclude that the unassigned phosphothreonine (highlighted in yellow) is
correctly assigned and that in the top amino acid sequence either the tyrosine or threonine in
the TXY motif should be phosphorylated.

Ortholog group Accession  Protein Name

DE2 73676 BO218.5 sendthr Kinases

D52 73676 FEgnO01S 65 Mpk2

0G2 73676 FBgn0024546 p3th

QG2 73676 IPINO0O2E57  Splice isoform CEEP2 of Q16529 Mitogen-activated protein kina
D2 7T3IR76 IPIO0ZSE283  Mitogen-activated protein kinase 12

0G2 73676 FLETISW HOGY

Ortholog Sequence Alignment

Legend: ¥ Confident phosphorylation assignment K
LEYIHSADI THRDLEPSNIAVHEDCELEILDFGLARQTDSEMTGY VATRWY RAPE]
LEYIHSAGVIHRDLEPSNIAVNEDCELRILDFGLARPTENEMTGYVATRWYRAPE)
LEYIHSAGVIHRDLEPSHNIAVHNEDCELRILDFGLARNPAESEMTGYVATRWYRAPE ]
LEYIHSADI THRDLEPSHLAVNEDCELEILDFGLA EMIGY¥VATRWYRAPE]
LRYIHAAGITHRDLEPGNLAVNEDCELEILDFGLARQADSEMT GEVVTRWYRAPEY
LEYVHSAGVIHEDLEPSNILINENCDLEICDFGLARIQDPOMTGY¥VSTRYYRAPE!
EF:E ;Z:F -EIEITIEF _F: EF I F:F EEITTET 7 -FITIIF X ETTEIET
|E_J |

Alighment created using ClustalV [ More Info )
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5) Take a look at the tandem mass spectrum

In order to assess whether the phosphorylation site was correctly assigned, it is always

advisable to take a look at the tandem mass spectrum of the phosphopeptide. You can open

it by clicking on the symbol WAL

(The manual interpretation of tandem mass spectra can be, especially in the case of
phosphopeptides, difficult. Therefore we recommend to study the following slides which are a
nice introduction to this topic. You can find them under the URL

http.//www.proteomesoftware.com/Proteome software pro protein id.html *

© Observed Phosphopeptides view transitions

Identifed Sequence PeptideProphei|Tryptic Ends|Peptide Mass|DeltaCN

R.TTEASSFESEIK S 0.92 129552 023 11 I.u||.‘|.,
K SNGANRDERSDLAPTLR.S 0.95 2 175376 016 19 1/ T
K. SNGANRDSSIDLAPTLR.S 0.84 2 175378 002 1 1A Wil
K RVBRDVLPK R 0.95 2 99352 021 B 1A Wil

@ Protein/Peptide Sequence
YAL0D41W|CDC24

MAIQTRFASGTSLSDLEKPKPSATSISIPMQNVMNKPVTEQDSLFHICANIRKRLEVLPQL
KPFLQLAYQSSEVLSERQSLLLSQRQHQELLK/ESEENT - |SIYRNF§ R SSSISTATSLMS
This will open a new window in which the tandem mass spectrum is displayed (See next
page). In the upper window you see the tandem mass spectrum in which the fragment ion
peaks are assigned with y-ion or b-ion together with a number (ion assignment
nomenclature) as well as below the spectrum the amino acid sequence of the
phosphopeptide is shown (a phosphoserine is indicated as “s[167]", a phosphothreonine as
T[181]1" and a phosphotyrosine as “Y [243]%). Here you have to look for the following: left
and right of the amino acid sequence the fragment ion signals which were found and could
be assigned in the tandem mass spectrum are highlighted in red. In our example the

question is, if the serine (at position 6) is phosphorylated LSLTDS5; TETIENNATVK or the

adjacent threonine LSLTDST;,ETIENNATVK at position 7.

* Proteome Software Inc.
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Of note, most spectra loaded into the PhosphoPep database are consensus spectra’®, which

means that only repeatedly observed peptide fragment ions are shown. Noise signals were

removed.
Fragment ion
confirming the
threonine without
phosphorylation
Fragment ion
confirming the
phosphorylation site
(S167)
AT I |l | || I T |
4@aa8 s8a 280 1866 1z8a 146G8 1e86a
b p2* 4 AA  # y1+ y2+

114.1668 57.5871 1, L 17

201.2450 101.1262 2 S 16 1803.8088 902.4081

314.4044 157.7059 3| L 15 1716.7306 858.8690

415.5095 208.2584 | 4 T 14 1603.5712 802.2893

530.5961 265.8017 5 D 13 1502.4661 751.7368 Phosphorylation

697.6542 349.3308 | 6 S[167] 12 1387.3795 694.1935 site

798.7593 399.8833 7, T 11 1220.3214 610.6644

927.8748 464.4411 8 E 10 1119.2163 560.1119

1028.9799 514.9936, 9, T 9 990.1008 495.5541

1142.1393 571.5733 10 I 8 888.9957 445.0016

1271.2548 636.1311 11 E 7 775.8363 388.4219

1385.3586 693.1830 12 N 6 646.7208 323.8641

1499.4624 750.2349 13| N 5 532.6170 266.8122

1570.5412 785.7743 14 A 4 418.5132 209.7603

1671.6463 836.3268 15 T 3 347.4344 174.2209

1770.7789 885.8931 16 VWV 2 246.3293 123.6684

17 K 1 147.1967 74.1021

The inspection of the highlighted ions shows that indeed all peptide fragment ions, including

the one corresponding to the phosphorylated serine as well as the non-phosphorylated

15



threonine, were identified and assigned, strengthening that the assigned serine
phosphorylation is correct. In addition, take a look at the tandem mass spectrum. Here you

can see that both assigned fragment ions are rather intense. In addition, the y''*

fragment ion
at m/z 1,300.3 (1220.3 + 80) or the y"'** fragment ion at m/z 650.7 which would indicate that
threonine 7 phosphorylated, are missing. The same is true for the b® ion at m/z 617.7 which

would indicate that serine 6 is not phosphorylated. Both findings suggest the correct

assignment of the phosphorylation site.

On the next two pages an example is shown in which the assignment of the correct site of

phosphorylation is difficult. It is not clear if the highlighted serine
TS*VSEAQNTQPQVANADAK
or the highlighted threonine

T*SVSEAQNTQPQVANADAK
is phosphorylated.

First, most peptide fragment ions which could unequivocally distinguish the two

phosphorylation sites are outside the recorded m/z range. Second, the y'®**

fragment ion at m/z
969.97 which could indicate that the serine 2 is phosphorylated, but not threonine 1, is present at
low relative intensity in a m/z region crowded with signals, therefore it is not sure whether this is a

real fragment ion or noise.
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No fragment ion(s)
pointing towards
phosphorylation of
threonine 1 or serine 2
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