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Aim

To get matches to “additional” modified peptides
« Unsuspected chemical or post-translational modifications
» Minor sequence variants, such as SNPs
« Products of non-specific cleavage

Not intended for

» Matching peptides from a poorly represented or un-
sequenced genome - de novo

« Specific modifications, e.g. phosphorylation - targeted
experiment
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I want to discuss the most efficient way to get as many matches as possible from an LC-
MS/MS run. That is, to find matches to peptides with unsuspected chemical or post-
translational modifications, with minor sequence variants, such as SNPs, and peptides which
are the products of non-specific cleavage.

This strategy is not applicable to identifying peptides from protein that have little similarity
to those in the database. As the databases fill up, this is becoming less common. If you are
in this situation, the primary tool has to be de novo of high quality MS/MS spectra

Neither is it applicable to investigations focused on a particular modification, such as
phosphorylation. The key here would be a targeted experiment. Maybe using a neutral loss
scan to identify and select the phosphorylated peptides, or an IMAC column to isolate the
phosphopeptides



Search strategy

1. Standard Mascot search
Returns the easy matches
2. Error tolerant search

Returns additional matches, but only for proteins where we have at least
one good peptide match already

Limited to a single additional SNP or modification per peptide
3. De novo
If data very high quality, can return novel full-length peptide sequences
Use Blast to find likely parent proteins
More often, returns partial / ambiguous peptide sequences
4. Error tolerant tag search
To find matches to
1. Isolated peptides that have a SNP or unsuspected modification
2. Peptides with multiple SNPs or unsuspected modifications
(No reason to expect additional matches from a standard tag search)
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If you simply want to get as many identifications as possible, so as to minimise the number
of unmatched spectra and maximise protein coverage, you might come up with a strategy
similar to this. I’ll now go through the four steps in some detail. Step 1 is, of course, a
standard Mascot MS/MS ions search.



1. Standard Mascot search

Why not try to get everything in a single search?

plc dataset on dual processor 2.8 GHz P4

peptides identity average
CLE tested minutes matches threshold
trypsin 7.5E+07 10 399 41
semi-trypsin ~ 1.2E+09 127 379 53
none 1.0E+10 1067 299 62

Above timings are for Oxidation (M) as only variable modification.

If also include Phospho (STY), Me-ester (DE), Me-ester (C-term), Acetyl
(N-term), pyro-glu (N-term Q), pyro_gln (N-term E), the trypsin time goes
from 10 mins to 1357 mins!
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Should we try to get as many matches as possible in the first pass search? Well, lets look at
some numbers for a typical ion trap dataset when we search using loose trypsin, semi-
specific trypsin, and no enzyme specificity

As you can see, the search time increases by an order of magnitude as we go from trypsin to
semi-specific trypsin, and a further order of magnitude as we go to a completely non-
specific search.

The reason is simple, the search space, that is the number of candidate peptides, is
increasing by a factor of 10 each time. Having to wait 10 or 100 times as long for the results
is bad enough. A more fundamental problem is that the significance threshold score is a
function of the number of candidates, so this increase by 10 each time, and we lose marginal
matches. Unless you have a high level of non-specific peptides in the sample, you lose more
than you gain.

So, doing a no-enzyme search in Mascot is not a good idea unless there is a very high level
of non-specific peptides. Semi-trypsin is almost always a better choice if the peptides came
from a tryptic digest. Only use no enzyme if the peptides are not the products of a deliberate
enzyme digest, e.g. MHC peptides or endogenous peptides.

Identical considerations apply to modifications. If we go from 1 variable mod to 7, the
search time is even worse than for no enzyme. This is because of the combinatorial
explosion. Having to test all the combinations and permutations of these variable mods.

So, the answer is no, do not try to get as many matches as possible in the first pass search. It
just makes the search very slow and very insensitive.



Search strategy

2. Error tolerant search

Returns additional matches, but only for proteins where we have at least
one good peptide match already

Limited to a single additional SNP or modification per peptide

MAS COT : Modified Peptides © 2006 Matrix Science {Sﬂngﬁ;}E?

If you want to get as many identifications as possible, as efficiently as possible, the first
pass search must be kept simple. Usually, strict or loose trypsin. Zero or one variable
modifications. Certainly not more than two unless you know for sure they really are present.

Step 2 of our strategy is an error tolerant search. This is the efficient way to find unusual
modifications, as well as variations in the primary sequence and peptides from non-specific
cleavage



2. Error tolerant search

First pass - simple search of entire database
» Minimal modifications
« Enzyme specificity
Second pass - exhaustive search of selected
protein hits
» Wide range of modifications
 Look for SNPs
« Relax enzyme specificity
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All the protein hits found in the first pass search are selected for an exhaustive second pass
search.

Because only a handful of entries are being searched, search time is not an issue.

For modifications, an error tolerant search looks for one unsuspected modification per
peptide in addition to those mods specified as fixed or variable. This is sufficient because it
will be very, very rare to get two unsuspected mods on a single peptide.

The error tolerant search also looks for sequence variants, such as single nucleotide
polymorphisms (SNPs) or sequencing errors.

You can remove enzyme specificity completely, but you have to ask yourself whether you
would believe a match that was doubly non-specific.
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Trypsin Cleaves Exclusively C-terminal to
Arginine and Lysine Residues*=

Signatures

Jesper V. Olsen, Shao-En ©Ong, and Matthias Manng

Almost all large-scale projects in mass spectrometry-
based proteomics use trypsin to convert protein mixtures
into more readily analyzable peptide populations. When
searching peptide fragmentation spectra against se-
quence databases, potentially matching peptide se-

Whan analyzing paptide mixturas by liquid chromatography
coupled to tandem mass spactrometry (LC-MS/MS), a large
numbser of fragmentation events occur. The tandem mass
spactra are searchad against amino acid sequenca databasas.
by one of a number of database saarch algorithme. The iden-

quences can be required to conform to tryptic specificity,
namely, cleavage exclusively C-terminal to arginine or
lysine. In many published reports, however, significant
numbers of proteins are idenfified by non-tryptic pep-
tides. Here we use the sub-parts per million mass accu-

tified paptidas raceive a scora and are combinad into lists of
identified proteins. A critical question in these experiments is
what constitutes a reliable peptide and protein hit (2). Some
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I think in most cases the answer is no. Our experience is that the levels of non-specific
peptides are very low, less than 3%, unless there is something seriously wrong with the
trypsin or the protocol. This is also the conclusion of a very careful study by Matthias
Mann’s group. So, in general, I prefer to use semi-trypsin in an error tolerant search
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In the current version of Mascot, an error tolerant search is literally a second pass search.
You have to select the protein hits you want to search by manually checking them off in the
results report
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In Mascot 2.2, we will make the process integrated and automatic. You just have to check
the Error tolerant box on the search form. This will perform a first pass search using the
enzyme and modifications you specify in the search form. It will then automatically perform
an error tolerant search on all of the proteins that contain significant peptide matches. David
will say more about this in a later talk
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Possible Assignments:
Proteins matching the same set of peptides:
i | 67549 Mass: 24662 Score: 892 Queries matched: 22 N->D [+0.9840]

Glyc—hsn (N) [+0.5540]
Deamidation (HQ) [+0.9840]

Lrypsin (EC 3.4.21.4] precursor - hovine

1| 13096615 Mass: 24563 Score: 892 Queries matched: 22

Chain A, Bovine Beta-Trypsin Bound To Para-Awmidino $chiff-Base Copper (Ii) Chelate

i | TEE15880 Mass: 26439 Score: 892 Queries matched: 22

FREDICTED: similar to Cationic trypsin III precursor (Pretrypsinogen ITI) isoform 1 [Bos taurus]

i | 5542503 Mass: 25358 Score: 892 Queries matched: 22

Chain A, Trypsin Inhibitors Vith Rigid Tripeptidyl ildehydes

bii | 559311 Mass: 26093 Score: 892 Queries matched: 22

bancress cationic pretrypsinogen [Bos taurus]

bi| 1421532 Mass: 24853 Score: 891 Queries matched: 22

Trypsinogen-Ca From Peg

i | 61873128 Mass: 26453 Score: 890 Queries matched: 22 v
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We need to do more work on trying to filter out the unlikely matches. One rule we plan to
introduce is that you can’t have an unsuspected modification in a non-specific peptide.
Another is to ignore a modification if it only gives a tiny increase in score over an
unmodified and specific peptide. It will still be necessary to decide between alternative
assignments of observed mass differences



Fixed wodifications: Carbamidowethyl (C)

Varisble modifications: Acetyl (N-term),Oxidation (M)
Cleavage by Trypsin/P: cuts C-term side of KR
Sequence Coverage: 41%

Matched peptides shown in Bold Red

1 ITPVEEENPD FWNREALEAL GRAEKLQPAQ TAREWLIIFL GDGMGWSTVT
1 ABRTLEGQKE DKLGPETPLA MDRFPYVALS ETYNWDEHWP DSGATATAYL
101 CGUVEGNFQTI GLSABARFNQ CNTTRGNEVI SVMNRLKEAG HSVGUWTTTR
151 VQHASPAGTY AHTVNRNWYS DADVPASARQ EGCQDIATQL ISHMDIDVIL
201 GGERKYMFEM GTPDPEYPDD YS(GBTRLDG KNLVQEULAK RQGARYVENR
251 TELMQASLDP SVTHLMGLFE PGDMKYETHR DSTLDPSLME NTEAALRLLS
301 RNPRGFFLFW EGGRIDHGHH ESRAYRALTE TIMFDDAIER AGQLTSEEDT
351 LSLVIADHSH VFSFGGYPLR GSSIFGLAPG KARDREAYTV LLYGNGPGYW
401 LEDGARPDVT ESESGSPEYR (QSAVPLDEE THAGEDVAVF ARGPQUHLVE
451 GWQEQTFIAH WMAFAACLEP YTACDLAPPR GTTDRAHPGR SWUPALLPLL
501 AGTLLLLETL TAP

@

2

[ Show predicted peptides also ]

SortPeptides By | @ Residue Mumber O Tncreasing Mass O Decreasing Mass

Start - End Observed  Mr{expt) Mr{calc) Delta Miss Sequence

1- 14 586.4950 1756.4633 1756.8420 -0.3787 0 -.ID .E  (Ions seore 60)

1- 14 879.2425 1756.4705 1756.8420 -0.3715 0 -.ID \E  [Ions secore 100)

35 - 53 975.8103 1949.6060 1950.0244 -0.4183 0 K.WLITFLGDGMGVSTVTAAR.T Oxidation (M) (Ions score 92)
105 - 117 653.2101 1304.4056 1304.6836 -0.2780 0 K.GNFQTIGLSARAR.F (Ions score 95)
151 - 166 427.8731 1707.4632 1707.8441 -0.3809 0 R.VQHASPAGTYAHTVNR.H (Ions score 80)
167 - 179 726.1806 1450.3465 1450.6477 -0.3011 o R .0 (Ions score 74)
180 - 204 901.5943 2701.7611 2702.3003 -0.5392 0 R.QEGCQDIATQLISHMDIDVILGGGR.K (Ions score 66)
210 - 227 1001.2025 2000.3904 2000.8058 -0.4153 0 R.MGTPDPEYPDDYSQGGTR.L Oxidation (M) (Ions score 82)
210 - 227 667.8045 2000.3918 2000.8058 -0.4139 0 R.MGTPDPEYPDDYSQGGTR.L Oxidation (M) (Ions score 80)
327 - 340 820.7282 1639.4419 1639.7763 -0.3344 0 R.ALTETIMFDDATER.A Oxidation (M) (Ions score 101)
341 - 370 809.2359 3232.9146 3233.5628 -0.6483 0 R.AGQLTSEEDTLSLY FGGYPLR.G (Ions score 73)
371 - 381 517.1760 1032.3374 1032.5603 -0.2229 0 R.GSSIFGLAPGK.A (Ions score 76)
403 - 420 651.1554 1950.4443 1950.8555 -0.4112 1 K.DGARPDVT .0 (Ions seore 66)
421 - 142 790.2187 2367.6342 2368.1294 -0.4952 0 R.QQSAVPL .6 (Ions score 106)
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The good news about the error tolerant search is that it substantially increases the number of
matches. In this particular hit, from 14 to 22.



Fixed modifications: Carbamidomethyl (C)

Varisble modifications: deetyl (N-term),Oxidation (M)

Semi-specific cleavage, (peptide can be non-specific at one terminus only)
Cleavage by semiTrypsin: cuts C-term side of KR unless next residus is P
Sequence Coverage: 42%

Matched peptides shown in Bold Red

1 IIPVEEENPD FWHRELAEAL GAAKKLOFLQ TAAKHLIIFL GDGMGVSTVT
51 AARILKGQKK DELGFEIPLL MDRFPYVALS KTYNVDKHVP DSGATATAYL
101 CGVKGHEQTI GLSARARFNO CNTTRGHEVI SVIMNRARRAG RSVGVWITTR
151 VQHASPAGTY AHTVHRNWYS DADVPASARQ EGCQDIATOL ISHMDIDVIL
201 GGGRKYMFRM GTPDPEYPDD YSQGGTRLDG KHLVOQEWLAR ROGARTVINR
251 TELMQASLDF SVTHLMGLFE PGDMKYEIHR DSTLDPSLME NTEALLRLLS
301 FNPRGFFLFV EGGRIDHGHH ESRAYRALTE TIMFDDAIER AGQLTSEEDT
351 LSLVTADHSH VFSFGGYPLR GSSIFGLAPG KARDREAYTV LLYGHGPGTV
401 L T QQSAVPLDEE T ARGFQAHLVE
451 GVOEQTFIAH VMAFALCLEP YTACDLAFPA GTTDALHPGR SWVPALLFLL
501 AGTLLLLETA TAP

SontPeptdes By | @ Residue Number O Tnoreasing Mass O Decreasing Mass

.E (Ions score 100}

NLITFLGDGMGVSTVTAAR.T Rydroxylation (D) [+15.99] (Ions score 92)
KGNFQTIGLSAAAR.F  K->N [-14.05] (Ions score 892)
NEQTIGLSAAAR.F  Carbamidomethyl (N-tezm) [+57.02] (Ions score 99)
QHASPAGTYANTVHR.N S-» [+99.05] (Ions score G4)

VPASAR. )

(Ions score 74)

QEGCQDTATQLISHMDIDVILGGGR.K (Ions score 66)
KYMFRMGTPDPEYPDDYSQGGTR.L Leetyl (N-term): Oxidation (M): ¥->D [-48.04]
MGTPDPEYPDDYSQGGTR.L Oxidation (M) (Ions seore 52)
MGTPDPEYPDDYSQGGTR.L Oxidation (M) (Ions score 50)

ALTETIMFDDAIER.A F->V [-48.00] (Ions score 77)

B

ALTETIMFDDAIER.A Oxidation (M) (Ions score 101)

AGQLTSEEDTLSLY
RGSSTFGLAPGK.A R->G [-99.08] (Ions score 63)
GSSTFGLAPGK. &
GSSIFGLAPGK.A G->3 [+30.01] (Ions score 65)

FGGYPLR.G E-»K [-0.95] (Ions score 73)

(Ions score 76)

.0 (Ions score &8)

DGARPDVTESESGSPEYR.0 Me-ester (DE) [+14.02] (Ions score 74)

nyl (B) [+57.02] (Ions score G4)

.0
QQSAVPLDEETHAGEDVAVFAR.G E->G [-72.02] (Ions score 61}
Q0SAVPLDEETHAGEDVAVFAR.G Pyro-glz (N-tezm Q) [-17.03] [Iomns score 78)

Start - End Observed Mr(expt) Mr{calc) Delta Miss Sequence
1- 14 §79.2425 1756.4705 1756.8420 -0.3715 0 -.I
35 - 53 975.8103 1949.6060 1950.0244 -0.4183 0 K.
104 - 117 710.2234 1418.4323 1418.7266 -0.2943 1 V.
106 - 117 653.2101 1304.4056 1304.6836 -0.2780 0 6.
152 - 166 427.8731 1707.4632 1707.8230 -0.3597 o V.
167 - 179 726.1806 1450.3465 1450.6477 -0.3011 o R.
180 - 202 901.5943 2701.7611 2702.3003 -0.5392 o R.
205 - 227 681.1543 2720.5880 2720.1482 0.4398 2 R.
210 - 227 1001.2025 2000.3904 2000.8058 -0.4153 0 R.
210 - 227 667.8045 2000.3918 2000.8058 -0.4139 0 R.
327 - 340 526.1536 1575.4390 1575.7814 -0.3424 0 R.
327 - 340 620.7262 1639.4419 1639.7763 -0.3344 0 R.
341 - 370 809.2359 3232.9146 3232.6152 0.2994 o R.
370 - 381 545.6818 1089.3491 1089.5818 -0.2327 1 L.
371 - 381 517.1760 1032.3374 1032.5603 -0.2229 0 R
371 - 381 532.1836 1062.3527 1062.5709 -0.2182 0 R.
403 - 420 651.1554 1950.4443 1950.8553 -0.4112 0  K.DGARPDVT
403 - 420 656.1752 1965.5039 1964.8711 0.6327 o K.
403 - 120 670.1561 2007.4464 2007.8769 -0.4306 0 K.DGARPDVT
421 - 442 766.2128 2295.6167 2296.1083 -0.4916 0 R
421 - 442 784.5441 2350.6104 2351.1029 -0.4925 o R.
421 - 442 790.2187 2367.6342 2368.1204 -0.4952 0 R.QQSAVPL]
421 - 142 809.2209 2424.6108 2425.1509 -0.5101 0 R.QQSAVPL

.G (Ions score 106)

.G i nyl (N-term) [+57.02] (Ions score 76)
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SCIENCE.

The bad news is that the sequence coverage hardly changes, 41% to 42%
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Sequence Coverage: 41%
Marcched peptides shoun in Bold Red

1 IIPVEEEHPD FWHREAAEAL GAAKKLOPAQ TAAFHLIIFL GDEMGVSTVT
51 ABRILEGOKE DELGPEIPLL MDRFPYWVALS KTVNVDEHWF DIGATATATL
101 CGVEGHFQTI GLSAAARFNG CHWTTRGMNEVI SVMNRLEKAG ESVGUVTTTR

151 VQYASPE AHTVHRHWYS DADWVPASAR() EGCQDTATQL ISHMDIDVIL
201 GTPDPEYE‘DD YSQGGIRLDG ENLVQEWLAK ROGARTVWINE
251 TELMeW P~ SWTHLMGLFE PGDMEYEIHR DITLDPSLME MTERALRLLS
301 RNPRGFFLFV EGGRIDHGHH ESRAYRALTE TIMFDDAIER AGQLTSEEDT
351 LSLVTADHSH VFSFGGYPLR GSSIFGLAPG KARDREAYTYV LLYGHGPGTV
401 L¥DGARPDVT ESESGESPEYR (QQSAVPLDEE THAGEDVAVF ARGPOALHLVEH
451 GVOQEQTFIAH VMAFAACLEP YTACDLAPPA GTTDALLHPGR SWWPALLFLL
501 ALGTLLLLETA TAP

Seguence Coverage: 42%
Matched peptides shown in Bold Red

1 ITPVEEEHPD FWHREALAELL GAAKKLQPAQ TAAEWMLIIFL GDGMGVSTVT
51 ABRILEGOKE DELGPEIPLA MDRFPYVALS KTVNVDEHWP D3GATATAYL
101 CGVEGHFQTI GLSAAARFNQ CHTTRGNEVI SVIMNEBAKKAG ESVGUVTTTR
151 VOLASTEE AHTVHRHWYS DADWEASAR) EGCQDIATQL ISHMDIDVWIL
201 GTPDPEYE‘DD Y¥SQGGTRLDG FNLVQEWLAK RQGLRVWVWINER
251 TEDMaL P SVTHLMGLFE PGDMEYEIHR D3TLDPSLME MTEAALRLLS
301 RNPRGFFLFV EGGRIDHGHH ESRAYRALTE TIMFDDAIER AGQLTSEEDT
351 LSLVTADHSH VFSFGGYPLR GSSIFGLAPG KARDEELYTW LLYGHNGFGTV
401 LEDGARPDVT ESESGSPEYR (QQSAVPLDEE THAGEDVAVF ARGPQLHLVEH
451 GVQEQTFIAH VMAFAACLEP YTACDLAPPA STTDAAHPGR SWVPALLPLL
501 AGTLLLLETA TAP

—_—
2720.1482  0.4398 2 68 0.01 6 R.KYMFRMGTPDPEYPDDYSQGGTR.L + Acetyl (N-term); Oxidation (M); [-48.0364 at 72]
3232z.6152 0.2994 O 73 0.0031 1 R.AGQLTSEEDTLSLYTADHSHVFSFGGYPLE.G + [-0.9476 at E8]
Possible Assignments
et of peptides: Y->N [-49.0204]
1 Score: 1036 Queries matched: 23 ¥->D [-48.0364]
f & Huwan Phospharase
MASCOT : Modified Peptldes © 2006 Matrix Science {;‘CYEIVCE

If we look more closely, we see that this is just an additional 5 residues here, KYMFR.
However, when we look at the matches, there is only one match spanning this peptide and it
is a weak and dubious match, requiring two mods and a SNP. In all honesty, I would not
want to accept this match, so the coverage is actually unchanged. For this particular protein,
the error tolerant search just gives us additional matches to the same peptides we saw in the
standard search.
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A Peptide Summary Report {yeast_500K_Orb_50K_Orb_MS2_copy.RAW Error tolerant) - Microsoft Internet Explorer

File Edit View Favorites Todks Help

Y A 8) b B - p [

Qe - () [¥] @ D D e Slrrmenes £ - & % Ponermarks Wb 4

Address @h[ v, matrixscience. g O b' d f S G : d d' l S h l

!_ rbitrap data courtesy of Steve Gygi, Harvard Medical Schoo
2 'q 905.1237
2182 1364.1895 2726.3644 27926.3550 0.0094 1 a9 3.1e-06 1 K.EKSEVFSTYADNQPGVLIQUFEGER.A + [+14.0156 at N-term K]
2183 903.7362 2726.3667 2726.3551 0.0116 1 (65) D.00066 1 K.KSEVFSTYADNQPGVLIQUFEGER. A + [+14.0157 at V4] =
2208 924.1313 2769.3721 2769.3609 o.0112 1 146) 0.054 3 K.KSEVFSTYADNQPGVLIQUFEGER.A + [+57.0215 at E3]

3. 1| 6324707 Mass: S3686 Score: 1120 Queries matched: 38

Elongation factor 2 (EF-2), also encoded by EFT2: catalyzes ribosowal translocation during protein synthesis: contains diphth

[¥] Check to include this hit in error tolerant search

Observed Mr{expt} Mr(calc) Delta Miss Score Expect Rank Peptide

365.7276  729.4406  729.4384 0.0022 O 57 0.0028 1 R.AGITSAAK.A

422.2563  §42.4980  $42.4974 0.0007 1 57 0.003 1 V.VINKVDR.A

486.8060  971.5975 971.5950 0.0026 1 54 0.0039 1 K.ALLKVVMR.K + [+43.0058 at K4]

542.7985 1083.5824 1083.5786 0.0038 O 45 0.052 1 R.LFIATMNFK.K

555.2761 1108.5375 1108.5335 0.0041 O 76 4.5e-05 1 M.VAFTUDQMR.S + [+43.0058 at N-term V]

560.3054 1118.5963 1118.5931 0.0032 0 76 5e-05 1 K.STLIDSLVQR.A

563.2738 1124.5331 1124.5284 0.0047 0  (52) 0.01 1 M.VAFTVDQMR.S + Oxidation (M); [+43.0058 at H-term V]

582.7733 1163.5321 1163.5280 0.0041 O 67 0.00032 1 K.EGPIFGEEMR.S

582.8245 1163.6345 1163.6298 0.0047 1 a6 0.049 1 R.VFAGTVKSGQK.V + [+43.0058 at K7]

603.3207 1204.6269 1204.6232 0.0036 1 57 0.0046 1 R.SIMDKVINVR.N + [+43.0058 at K5]

605.8005 1209.5864 1209.5818 0.0046 O 63 0.001 1 R.ILWGDSFFHPK.T

629.3507 1256.6868 1256.6836 0.0032 1 84 7.1e-06 1 R.AGITSAAKAGEAR.F + [+43.0058 at K8]

633.8427 1265.6708 1265.6655 0.0053 O 80 1.8e-05 1 R.ATYAGFLLADPK.T !{ )

654.3312 1306.6478 1306.6452 0.0026 0O 74 0.0001 1 R.MMSVIAHVDHGK.S Possible Assignments:

690.4420 1378.8695 1378.8660 0.0036 1 51 0.002 1 R.IKPVVVINKVDR.A

711.9451 1471.8757 1421.8718 0.0039 1  (47) 0.0067 1 R.IKPUVVINKVDR.A + [+43.go0|CSFPemvl [F) [+43.0058]

731.9082 1461.8018 1461.8051 -0.0033 2 49 0.024 1 R.VFAGT L+ [+43.0

741.8754 1481.7363 1481.7303 0.0060 1 55 0.0067 1 R.LWGDSFFNPKTK.K + [+43.0058 at K101

742.3951 1482.7757 1482.7693 0.0064 O 65 0.00072 1 R.AFHMFTILDPIFR.L

744.4793 1486.8440 1486.8394 0.0045 0 101 1.2e-07 1 K.FSUSPUVQUAVEVK.N -
< M4m arar  44ns muan esne noen 6 anEn 6 sers 0 aea 4 mmemomecemasew - B
&) 1:0(312357 11:7|44989632 12950309731 15:qS0288201 42:5i|71019415 D Internet

MAS COT : Modified Peptides © 2006 Matrix Science {Sﬂgﬁgﬁg

If you don’t want to spend a lot of time studying the matches from an error tolerant search
and deciding which you accept, you can use it as a quick way of spotting whether there are
modifications which should be included in the first pass search as variable mods. Here’s a
nice example. Lots of matches for a modification of 43 Da, almost certainly carbamylation.



2 Select Summary Report (yeast_500K_Orb_50K_Orb_MS2.

He B ew Favowss Lo tep 7
=~ 2 R - B 6 %

Qo ) (%] B (0 POsewen Joravots &) (A i Powermeris Bt A 36

address | tr ter_resuilts. pifi isT.dat

1 asuas Mass: 63786 Score: 1723 (ueries matched: 57 =

unnamed protein product [Saccharomyces cerevisiae:

[JCheck to include this hit in error tolerant search

Query Observed Mr(expt) Mr(calc) Delta Miss Score Expect Rank Peptide
193 888.4760  887.4687 887.4600 0.0087 0 42  0.017
415  534.7660 1067.5174 1067.5135 0.0040
S0 592.3328 1182.6511 1182.6397 0.0114
618 600.3429 1198.6712 1198.6669 0.0042
638 607.8118 1213.6091 1213.6051 0.0040
731  633.3430 1264.6714 1264.6663 0.0052
42 637.8505 1273.6865 1273.6819 0.0046
70 650.3086 1298.6026 1298.5965 0.0062
34 672.3317 1342.6489 1342.6438 0.0051
34 704.3164 1406.6182 1406.6136 0.0046

29 0.13
31 0.0
93 5.8e-08
69 1.4e-05
61 0.0001
50 0.002
71 5.3e-06
63 1.8e-05
75 1.1e-06

K.FELSGIPPAPR. G 585
K.DAGTIAGLNVLR. T
R.VDIIANDQGNR. T
K.NQLESIAYSLK.N
R.LVNHFIQEFK.R 741
R.FEELCADLER .S

R.NFNDPEVQADMK. H 964
R.LVEHFIQEFKR.K 972
R.TTPSEVAFTDTER.L

71 715.9003 1429.7860 1429.7830 0.0030
1015 736.3597 1470.7049 1470.6991 0.0059
1111  763.8773 1525.7399 1525.7347 0.0053
1151 776.8948 1551.7750 1551.7681 0.0069
1171  783.8983 1365.7823 1365.7739 0.0063
1260 812.3789 1622.7432 1622.7358 0.0074

830.4544 1658.8942 1658.8879 0.0063

56 0.0003
60 8.5e-05
67 1.6e-05
77 2.3e-06
52 0.00069

106 1.1e-09

107 1.8e-09

R.ARFEELCADLER.S 1110
K.LVIDYFNGKEPNR. S 1150
K.NFTPEQISSUVLGK.M
K.NQARMNPSHTVFDAK R 1237
R.IINEPTAAAIAYGLDK K 1303

555.6474 1663.9203 1663.9144 0.0059 25 0.18 R. IASKHQLESTAYSLK.H
838.3724 1674.7302 1674.7233 0.0069 97 5.7e-09 K.ATAGDTHLGGEDFDHR L 1321
864.9838 1727.9530 1727.9457 0.0073 83 3.4e-07 K.LIDVDGKPQIQVEFK. 6 1384

120 1e-10 TVEDAKR.L 1441

K. w
R. TTNEPTARATAYGLDKK. G
K.LDKSQVDEIVLVGGSTR. T 1438
K.VNDAVVTVPAYFNDSOR. 0 1584
K.LIDVDGKPQIQVEFKGETK. N 1804

894.5014 1786.9883 1786.9828 0.0055
908.4983 1814.9821 1814.9737 0.0084
947.9723 1893.9300 1893.9220 0.0080

1303

1810

1320

1385

1492 882.4309 1762.8472 1762.8420 0.0052
1470 111 4.4e-10
1459 122 4.8e-11
1583 60 7.50-05
1803

715.3938 2143.1597 2143.1524 0.0073 61 2.2¢-05

1821 1082.0465 2162.0784 2162.0702 0.0082 39 0.0099 K. NTISEAGDKLEQADKDTVTK. K 1820
1823 723.0173 2166.0300 2166.0163 0.0136 37 o.om K.AVGIDLGTTYSCVAHFANDR. V
1825 723.0700 2166.1881 2166.1796 0.0085 27 0.069 K. TKDNNLLGKFELSGIPPAPR. G 1826
2101 1286.2066 2570.3986 2570.3876 0.0110 33 o0.011

K. TODLLLLDVAPLSLGTETAGGVHTK. L 2102
2105 1289.1417 2576.2685 2576.2605 0.0083 111 2.6e-13 R. STHPDEAVAYGAAVQARTLTGDESSK. T
2115 1300.1424 2598.2702 2598.2601 0.0101 100 6.1e-09 K. SEIFSTYADNQRGVLIQVFEGER A 2116
2182 1364.1895 2726.3641 2726.3551 0.0094 89 7.5e-08 K.KSETFSTYADNQPGVLIQVFEGER. A 2183

2 ail6324707 Mass: 93686  Score: 1448 (Queries matched: 68
Elongation factor 2 (EF-2), also encoded by EFTZ; catalyzes ribosomal translocation during protein contains the unigue poster

[JCheck to include this hit in error tolerant search

Query Observed Mr(expt) Mr(calc)  Delta Miss Score Expect Rank Peptide

I
® Intermet.

LI

MAS COT : Modified Peptides © 2006 Matrix Science {Sﬂngﬁg

Adding this in as a variable mod increases the number of peptide matches for hit 1 from 57



3 Select Summary Report (yeast_500K_Orb_50K_Orb_MS2_copy.RAW) - Microsoft Internet Explorer

Ele Edt Vew Favortes Teok Hep

Qe+ () [ B (b Dsewen Srraons @) (- L @ e Bt 6 %

address | - tor_resuls. = dat

1 11312352 Mass: 69786  Score: 2247 (Queries matched: 52
unnamed protein product [Saccharomyces cerevisiae:

[JCheck to include this hit in error tolerant search

Query Observed Mr(expt) Mr(calc) Delta Miss Score Expect Rank Peptide
193 888.4760  887.4687  887.4600 0.0087 0 42  0.081 R.STLDEVEK.V 190 191 192 193

327 502.7679 1003.5212 1003.5186 0.0027 37 0.19 R.LSKEDIEK.M
399 530.7925 1059.5704 1059.5672 0.0032 60 0.00082 K. ITITHDKGR.L
415 534.7660 1067.5174 1067.5135 0.0040 29 0.51 K.ETAESYLGAK .V
S8z 588.8163 1175.6181 1175.6146 0.0035 3 0.079 K. SNKITITNDK.G
590 592.3328 1182.6511 1182.6397 0.0114 a1 0.24 K.FELSGIPPAPR. G 588

618 600.3429 1198.6712 1198.6669 0.0042
638 607.8118 1213.6091 1213.6051 0.0040

93 2.1e-07
69 5.7e-05

K.DAGTIAGLNVLR. T
R.VDIIANDQGNR. T

731 633.3430 1264.6714 1264.6663 0.0052 61 0.00038 K.HQLESTAYSLK.H
742 637.8505 1273.6865 1273.6819 0.0046 50 0.0068 R.LVNHFIQEFK.R 741

770 650.3086 1298.6026 1298.5965 0.0062 71 2.4e-05 R.FEELCADLER .S

772 650.3695 1298.7245 1298.7194 0.0051 52 0.0028 R.STLDEVEKVLR.D 771

838 672.3317 1342.6489 1342.6438 0.0051 63 0.0002 K.MKETAESYLGAK.V 514 815 867 833
899 695.3786 1388.7426 1388.7372 0.0055 37 0.1 K. SHKITITHDKGR..L 598 900

934 704.3164 1406.6182 1406.6136 0.0046 75 5.9e-06 R.NFNDPEVQADMK.H 364

971 715.9003 1429.7860 1429.7830 0.0030 56 0.0011 R.LVEHFIQEFKR.K 972 1017

1015 736.3597 1470.7049 1470.6991 0.0059 60 0.00039 R.TTPSEVAFTDTER.L

1111  763.8773 1525.7399 1525.7347 0.0053
1151 776.8948 1551.7750 1551.7681 0.0069
1171 783.8985 1565.7823 1565.7759 0.0065
1233 401.2290 1600.8871 1600.8837 0.0033
1260 812.3780 1622.7432 1622.7358 0.0074
1308 B30.4541 1658.8942 1658.8879 0.0063

67 7.4e-05
77 9.8e-06
52 0.0028

5 98

106 6.3e-09

107 6.7e-09

R.ARFEELCADLER. S 1110
K.LUTDYFNGKEPNR. S 1150 1217
K. NFTPEQTSSUVLGK 10
R.LVNHFTQEFKRK. 10

K. NOARMNPSNTVEDAK. R 1237
R. IINEPTARAIAYGLDK.K 1303

1315  557.6462 1669.9167 1669.9111 0.0057 15 9.2 R. QATKDAGTIAGLNVLR . T
838.3724 1674.7302 1674.7233 0.0069 97 2.5e-08 K.ATAGDTHLGGEDEDNR.L 1321
851.4710 1706.9275 1706.9202 0.0072 15 0.0029

R.IASKNQLESIAYSLK.N 1310 1356
K.LIDVDGKPQIQVEFK. 6 1384
K.NQAAMPSNTVFDAKR.L 1441 1493 1503
R.IINEPTAMAIAYGLDKK.G 1520 1521

83 1.2¢-06
120 4.5e-10
111 1.5e-09
122 1.7e-10

882.4309 1762.8472 1762.8420 0.0052
894.5014 1786.9883 1786.9828 0.0055
1495  908.4983 1814.9821 1814.9737 0.0084

1320
1358
1385 864.9838 1727.9530 1727.9457 0.0073
1482
1474

K.LDKSQVDEIVLVGGSTR. I 1498 1548

i o o R o e
1583  947.9723 1893.9300 1893.9220 0.0080 60 0.00035 K.VNDAVVTVPAYFNDS(R. ( 1584
a @
P : MATRIX
T : Modified Peptides ®© 2006 Matrix Science {;‘(JE .
- 'NCE.

To 92. However, coverage only increases from 57% to 64%. Basically, just one new

peptide, that was only present in carbamylated form

16



“One of the main conclusions from this investigation is that as a general
rule, chemically modified peptides are only likely to be correctly
identified if they derive from the most abundant peptides in the

sample.”
g Research
=
g Depth of Proteome Issues
§ A YEAST ISOTOPE-CODED AFFINITY TAG REAGENT STUDY'(S]

E comments

Kenneth C. Parker}§, Dale Pattersont, Brian Williamsong, Jason Marchesef,
Armin Graber], Feng He|, Allan Jacobson||, Peter Juhaszt, and Stephen Martint

As a test case for optimizing how to perform pi
experiments, we chose a yeast model system in which the
UPF1 gene, a protein involved in nonsense-mediated
mRNA decay, was knocked out by homologous recombi-
nation. The results from five complete isotope-coded af-
finity tag (ICAT) experiments were combined, two using

ix-assisted laser ion/ionization (MALDI) tan-
dem mass spectrometry (MS/MS) and three using elec-
trospray MS/MS. We sought to assess the reproducibility
of peptide identification and to develop an informatics

structure that characterizes the identification process as
well as possible, especially with regard to tenuous iden-
tifications. The cleavable form of the ICAT reagent system
(Gygi et al. (1999) Nat. Biotechnol. 17, 994-899) was used
for quantification. Most proteins did not change signifi-
cantly in expression as a consequence of the upf1 knock-

One of the geals of proteomic research is to identify (cor-
rectly) and quantify as many proteins as possible in the bio-
logical system of choice (sse Refs. 1 and 2 for general re-
views). We chose a yeast system for this study because it is
possible to get large quantities of biological material from
yeast cells using fermentation, and the yeast genome en-
codes <6600 rather well-characterized proteins whose abun-
dance can be estimated based on the codon adaptation index
(3). Atthe biological level, we chose to study two yeast strains
that were related by the knockout of Upfip (the protein en-
coded by the UPF1 gene). a protein that is crucial to the
process of nonsense-mediated mRNA decay (4, 5)." We used
the isotope-coded affinity tag (ICATY reagent approach () to

T 3 g

ot As expected, the Upt protein itself was down-regu- General notes: In the text, aa are refarred to by standard three:
f i S letter me:

lated, and there were reproducible increases in 7%

838 % 10881

)<

10f35 )

Parker, K. C. et. al., Mol. and Cellular Proteomics, 3, 625-59 (2004)

MASCOT : Modified Peptides

{ MATRIX

© 2006 Matrix Science SCIENCE

This observation is in agreement with a very careful study by Ken Parker and colleagues. As
you go deeper, you tend to find modified versions of peptides that you already identified.
They did detailed manual validation of matches to non-specific peptides and found
approximately 2% were semi-tryptic and zero were fully non-specific.

17



Search strategy

3. De novo
If data very high quality, can return novel full-length peptide sequences
Use Blast to find likely parent proteins
More often, returns partial / ambiguous peptide sequences

MAS COT : Modified Peptides © 2006 Matrix Science {33%{35?

Where can we go from here? Well, maybe there are some peptides which can’t be picked up
by the error tolerant search. Maybe a peptide that spans a splice site or a peptide with a
modification that is not in our list of modifications. The next step is de novo.

18



Database
Enzyme
Fixed modifications

Max Missed Cleavages

Variable modifications :
Peptide Mass Tolerance :
Fragment Mass Tolerance:

De Novo - Issues

: NCBInr 20060518 (3647739 sequences)
: Trypsin/P
: Carbamidomethyl (C)

Acetyl (N-term),Oxidation (M)

0.8 Da
0.4 Da

N H

Peptide mass Database search De novo
~ 1000 Da ~6x10° ~1x 108
~ 2000 Da ~5x10° ~4x 10"

MASCOT : Modified Peptides

© 2006 Matrix Science

The problem with de novo is that the search space is huge. If we assume tryptic specificity,
the bigger the peptide, the fewer the candidates in a database search. With de novo, the
number of candidate sequences grows geometrically with peptide length. In reality, things
aren’t so bad. Any practical de novo algorithm explores only a small portion of this search
space. Nevertheless, you cannot expect to get de novo solutions from large peptides unless

the signal to noise and mass accuracy are both very good.
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Another important factor is coverage. It is hard to over emphasise the importance of getting
both N-term and C-term matches for a stretch of de novo sequence to be reliable. This is a
particular problem with large peptides, where the spectrum is often only good at (say) the
low mass end. If the C-term ladder and the N-term ladder do not overlap, this is a much,
much less constrained situation.
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De novo is implemented in Mascot Distiller, because it requires very reliable peak picking.
The starting point can be any MS/MS scan that has been processed to create a peak list.
Right click the peak list node in Dataset Explorer and choose ‘de novo Search’, or choose
the de novo button from the toolbar when a Summed Scans node is selected.
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Good signal to noise and good mass accuracy are critical for successful de novo sequencing;
much more so than in database searching. GIGO (garbage in - garbage out) is guaranteed.

In a de novo solution, i1 always represents I or L. q represent Q or K, when the mass
tolerance does not allow these residues to be distinguished, although K is assumed at the C
terminus of a peptide when tryptic specificity applies. f represents F or Met-Ox.

Ambiguity is indicated by a dash in the sequence. The tooltip shows details of the ambiguity
in square brackets, using pipe symbols to separate alternatives. Note that the order of the
pairs and triplets is undefined, so that SP could also be PS.

Although the example shown here looks very different to the Mascot database match, they
are actually in perfectly agreement. Some uncertainty is unavoidable in de novo, because
the search space is so very much larger. For example, the score hardly changes when DA is
replaced by SV
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If we look at details of these two matches, we can see why. There is a y ion peak at 488.214
to support the sequence being DA, but there is also a y ion peak at 516.192 to support the
alternative. This is just the nature of de novo on non-ideal data
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To de novo sequence a complete peak list collection, or the peak lists in the currently
displayed TIC range, use the context menu obtained by right-clicking the root (world) node
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You can then browse down the tree, looking for cases where the database search failed and
de novo has a high score.

This looks like a promising case. The Mascot search didn’t get a significant match, but de
novo has a very high score.

But, is it right? And, how do we resolve the ambiguity at the N-terminus?



Search strategy

4. Error tolerant tag search
To find matches to
1. Isolated peptides that have a SNP or unsuspected modification
2. Peptides with multiple SNPs or unsuspected modifications
(No reason to expect additional matches from a standard tag search)

MAS COT : Modified Peptides © 2006 Matrix Science {33%{35?

This brings us to step 4 of our strategy. As long as we are not dealing with an un-sequenced
genome, the best way to test a de novo solution is an error tolerant tag search. This can often
get a match even when there are multiple differences between the analyte peptide and the
database sequence
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Here’s another example, from the Orbitrap data, where the Mascot database search has
failed to find a match

The de novo solution is not a great score, and there’s ambiguity at each terminus
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Right click the solution and choose Mascot search from the context menu. Note that we
have already toggled the tag type to error tolerant
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Distiller populates the query field with the tags taken from the non-ambiguous parts of the
de novo solution. We submit the search ...



! Mascot Distiller - yeast_500K_Orb_50K_Orb_MS2_copy*

Fle Edt View Processing  Analysis Tools Windows Help

D-oal xbh|la3ve @k bE

™
L _[Y11]FSTH[RP], 25 ~
L8 [KEH)TSF-[RP], 18 T Sy e S S ——
Int.
SET) m/z 613.8855, 2+ 1076 Scam: 1593 fE
Gef Hummed Soans 0
537 w/z 723.3481, 3+ 1077 Scam: 1594 s
Gof smumed Scans
%, Denove $olutions (Trypsin/E,3+)
'“‘ -[¥G]TTYDiPEi[SC]E[QA]-, S5
3L [VGITTYDiPEL[SCITH-, 53
1, -PH[SCIiEPiH[QN]TH-, 51 L e T e P e e s
3L -PiDYT[CATiH[QNITH-, 35 e T
8L -[VG]TTYD[FA]-YDi-, 29 i = P | D ¥ T T H R
SL -PADE[UW]iM[ON]TH-, 18 H T- ad D It
S, Mascot Search Results (3+) 609(2) i) b(3) )h 2l ﬂh ) ¥(E) b(E) b 7)) y{F) biB) )h 2 )h( 0} (D)h( i i 1()2)( 2)
e, 1 il ¥ il il ¥ ¥ il
5 55 45 2706
g CWETTIDVEVR, 68 '
; ey
< EDDDSWDIDYTOLER, |3 hy) o167 oonn
“%fr EQALSGSAEAHGGALLDYMA(Calc): 1532, 7300
" fExpect:S. ge-008
g+ ACULNELOALCDLPECEAC o o522, unnamed protein product [Saccharomy ces ¢
&t OQDMPSLPIPELESTLDHp oo score: 121
<t DPHEAAKFLPELTPGVERQueries Matched:!
<% FREDIIIPELFDESGHE, 61 0891534
<Sp QHETICELPELPELNLGGSTEER, 61 30
< URYYANELPELME, 61
S07) wiz 581.6276, 2+ 1078: Scan: 1595 e
G suumed Scans 20
SET) wiz 722.6580, 2+ 1078: Scam: 1597
- Sumed Scans 15
S, Denova $olutions (Trypsin/P,z+) 0 713,852
AL 1iEPiD-H-, 5L 678.p985
L 1iEPi-TIHSR, 49 {3 328, 1705
L 5
3 -PiD[YTITH-, 43 v L g _“ 992 183 . 1218576
< > (1065)
r— 300 400 500 800 700 800 SO0 1000 1100 1200 1300 iz
MASCOT : Modified Peptides © 2006 Matrix Science {;‘CYEIVCE

And back comes the result. Note that the results from this most recent search have replaced
the original database search. You can switch back to the previous results by selecting them
on the searches tab.

This match looks very promising. It’s a high score, and it’s a protein to which we already
have other good matches. Notice that the de novo solution wasn’t bad, but it was reversed.
TTYDiPEi should have been iEPIiDYTT. Unless the de novo manages to reach a terminus,
there’s a 50:50 chance that it will be the wrong way round

If we right click and choose to view the full Mascot report in a browser ...
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The reason we didn’t get a match from Mascot is that there is a modification, giving a delta
of 634 Da. The peptide forms the protein N-terminus

If we click on the hyperlink to see the peptide view .
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The match was obtained by placing this modification delta on or close to the N-terminus.
Remember that this peptide forms the N-terminus of the protein, so in all probability, the
initiator Met is lost in the mature protein, making our actual mass delta 765.33. To further
complicate the picture, the annotations for this protein report that the N-term Alanine is
normally acetylated. If so, our unknown mod is actually 723.32

None of these deltas correspond to anything in Unimod, which is why this match wasn’t
picked up by the error tolerant search. This looked like a very solid match to me, so I started
trying to figure out what the mod might be. Then the penny dropped. The delta is awfully
close to the m/z value, which immediately suggests a precursor charge error.
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If we go back to the survey scan, this is what we find. A 3+ peptide at 723.6803 and a 2+
peptide at 722.8604. The instrument thought it was going for 723.99, so Distiller used the
3+ peptide, which is both the closest and the more intense. If we take the correct mass and
charge ...
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We get the correct match from Mascot and even the de novo falls straight out. The initiator
Met has indeed been removed and the Alanine acetylated. Not an unknown modification
after all, but nice to get to the bottom of a small mystery. The take home message is that de
novo plus sequence tag can often take you further than an error tolerant search of the
uninterpreted data.

34



Search strategy

1. Standard Mascot search
Returns the easy matches
2. Error tolerant search

Returns additional matches, but only for proteins where we have at least
one good peptide match already

Limited to a single additional SNP or modification per peptide
3. De novo
If data very high quality, can return novel full-length peptide sequences
Use Blast to find likely parent proteins
More often, returns partial / ambiguous peptide sequences
4. Error tolerant tag search
To find matches to
1. Isolated peptides that have a SNP or unsuspected modification
2. Peptides with multiple SNPs or unsuspected modifications
(No reason to expect additional matches from a standard tag search)

MAS COT : Modified Peptides © 2006 Matrix Science {Sﬂgﬁgﬁg

So, there we have it. Four powerful tools to help us find modified peptides. The challenge
going forward is to make the workflow more integrated. It is still a bit too manual for large
data sets. The other thing we need to address is the speed of an error tolerant tag. It would
be great if we could find a way to speed this up so as to allow them to be fired off
automatically for every de novo solution
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