Getting to grips with histone
modifications.

Richard Jacob

MASCOT : Getting to grips with histone modifications. © 2015 Matrix Science

MATRIX
SCIENCE

Getting to grips with histone modifications.




There has been an increase in the
number of questions about analyzing
Histone modifications.

« Interest in Histone modifications and the
Histone code.

« Robust sample preparation methods have
been developed.
« Derivatisiation using propionic anhydride

« Improvements in MS sensitivity and accuracy have
helped in the analysis of the proteins and their
post translation modifications.
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In the last couple of years we have seen an increase in the number of questions to our
support email addresses about analyzing histone samples and their modifications.

Interest in Histone modifications and the so-called histone code is the driving force
behind these queries. Another part of the reason might be improvements in sample
preparation and analysis methods.

A couple of the key improvements are the derivatization using propionic anhydride to
neutralize the highly basic charge of the proteins and block lysine residues and the
improvements in MS sensitivity and accuracy which have helped in the analysis of the
proteins and their post translational modifications.




Histone analysis overview

« What are histone proteins and why are
they important?
« Why are histones so difficult to analyse?

« Iterative search algorithm vs error tolerant
searches

« What Mascot server settings that effect
modification identification.
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What are histone proteins and why are they important?
Why are histones so difficult to analyze?
Iterative search algorithm vs error tolerant searches

What Mascot server settings that effect modification identification.



What are histone proteins are why are
they important?

« Histones are proteins that contain a lot of basic
amino acids (Lys & Arg).

« Main protein component of chromatin in the
nuclei of eukaryotic cells.

« DNA is wound around Histone Octamer complexes.

« There are a lot of modifications that have an
epigenetic effect on gene expression.

« Involved in many diseases from Alzheimer’s and
Huntington’s to cancer.
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The first question is what are histone proteins and why are they so important?

* Histones of proteins that contain a lot of basic amino acids, lysine and arginine.
* They are the main protein component of chromatin in nuclei of eukaryotic cells.
* DNA is wound around the histone octamer complexes.

 Parts of the histone proteins are exposed to other proteins in the nucleus and there are
a lot of modifications that can have an epigenetic effect on gene expression.

* Histones of been shown to be involved in many diseases from Alzheimer's and
Huntington's to cancer.
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This image shows how DNA is wound around the histone octamers and the DNA
histone complexes form a compacting structure that both protects the DNA and
allows access for gene expression and replication. Post translational modifications
of histones, particularly methylation and acetylation, effect the local chromatin
structure.



Histone modifications

Histone modifications
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* Reading of methyl groups by
= Methylation by HMTs * Demethylation by KDMs TAF3. KDMSA. DIDO1 and CHDs
* Acetylation by HATs * Deacetylation by HDACs * Reading of acetyl groups by
* Phosphorylation by kinases: * Dephosphorylation by PPPs bromodomain proteins
RPSGKAS, RPS6KA4 and BAZ1B * Reading of phosphate groups by BRCTs

Mutations in regulators of the epigenome and their connections to global chromatin patterns in cancer
Christoph Plass et al, Nature Reviews Genetics 14,765-780 (2013) doi:10.1038/nrg3554
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The histone modifications are part of what is being called the histone code.
Modifications are created or written by a number of transferases and kinases
enzymes to the exposed N-terminal tails of the histones. Another set of enzymes
can remove or edit these modifications, for example phosphoprotein phosphatases
(PPP). The final set of proteins read these modifications and modulate
transcription. As these effects on transcription cannot be determined from DNA
sequencing we have to use mass spectrometry to determine the modification states
of the histones. The code is thought to be more complicated than simple single
modifications switches and instead involves multiple modifications and their
stoichiometry.

Also see: The complex language of chromatin regulation during transcription. Shelley L.
Berger, Nature 447, 407-412 (24 May 2007).

http://www.nature.com/nature/journal/v447/n7143/full/nature05915.html



So just how many modifications are
involved?

« At least 15 different known modifications
= Methylation
« Acetylation
+ Propionylation
+ Burtyrylation
« Crotonylation
Formation
+ Ubiquitination
+ Citrullination
+ Phosphorylation
+ Hydroxylation
+ 0-GlcNacylation
« ADP ribosylation

« On between 25 and 45 different sites depending on the protein
isoform
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So just how many modifications are there?

There are at least 15 different known modifications associated with the histone
code. The more common ones are methylation, acetylation and propionylation.
Less common but important are modifications like phosphorylation.

Current analysis shows that there are between 25 and 45 potential modification
sites per histone protein isoform that have been shown to be modified
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This snapshot published in Cell shows the extent of the post translational modifications
and gives you an idea of the challenges faced during the analysis.



A note about Modification Isoforms
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As far as Mascot Server is concerned

Methyl Propionyl, Butyryl and
Crotonaldehyde are chemically
indistinguishable from one another by
chemical composition.

« H(6) C(4) O

« Methyl Propionyl is the combination of a

PTM Methylation and the chemical

derivatisation of the sample with propionic
anhydride.
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A quick note about modification isoforms.

As far as Mascot Server is concerned Methyl Propionyl, Butyryl and Crotonaldehyde are
chemically indistinguishable from one another by chemical composition.

The chemical formula is 6 hydrogens 4 carbons and an oxygen.

Methyl Propionyl is the combination of a PTM Methylation and the chemical
derivatization of the sample with propionic anhydride. Methyl Propionyl is not included
in the list of PSI modifications or the Unimod website, so you can either use one of the
two existing modifications or add a new custom modification on your local server.



The effect of high mass accuracy

« The only similar modification that can be
distinguished with accurate measurements
is Acetyl from Trimethyl.

 However, you can use heavy isotope
labeled synthetic peptide standards and
retention time information to help assign
the modifications on lower resolution data.

J Proteome Res. 2014 Dec 5;13(12):6152-9. doi: 10.1021/pr500902f. Epub 2014 Oct 30.

High resolution is not a strict requirement for characterization and guantification of histone post-translational modifications.
Karch KR, 7ee BM, Garcia BA.
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With all these modifications involved you would expect that high mass accuracy
will be very important. Many of the modifications or combination of
modifications are isobaric so can't be distinguished by accurate mass
measurements. The only similar modifications that can be distinguished by
accurate measurements is Acetyl from Trimethyl. The mass difference is 0.036385
Da. So, for 2kDa peptide, that would be 18ppm well with in the range of a Thermo
Orbitrap.

However if you have a lower resolution instrument all is not lost, the lab of
Benjamin Garcia showed that you can spike in heavy isotope labeled synthetic
peptide standards and use the retention time information to help assign
modifications in lower resolution data.
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This recent publication caught our eye:

Journal of

proteome o

sresearch

Evaluation of Proteomic Search Engines for the Analysis of Histone
Modifications

Zwo-Fei Yuan," Shu Lin,” Rosalynn C. Molden,” and Benjamin A. Garcia®™'

"Department of Biochemistry and Biophysics, Perelman School of Medicine, Universty of Pennsyhvania, 3400 Civic Center, Building
421, Philsdelphia, Pennrybvania 19104, United States
Department of Chemistry, Princeton University, Washington Rosd, Princeton, New Jersey 0854, United States

© Supporting Information

ABSTRACT: ldentification of histone post-translational Ll 1o
modifications (PTMs) s challenging for proteomics search o ees
engines. Including many histone PTMs in one search increases
the numbser of candsdate peptides dramaticadly, leading to kw
wearch speed and fewer identified spectra To evaluste database
search engines on identifying histone PTMs, we present
method in which one kind of moddication is sesrched each
time, for example, unmodified, individually modified, and
mukimodified, each search result is filtered with fabe discov
rate bess than 1%, and the demtifications of multiple sea
engines are combined to obtiin confident resalts. We apply
this method for eight search engines on histone data sets. We find that two search engines, pFind and Mascot, dentify most of
the confident remlts 3t 3 remonsble speed, 10 we recommend ing them 1o identify histone modifications. During the
evabuation, we aho find wme Emportant spects for the srulysis of histone modifications. Our evalustion of different search
engines on kentifying histone modifications will hopefully help those who are hoping 1o enter the histone protecenics Beld The
mass spectrometry proteomics dats have been deposited 1o the ProteomeXchange Consortium with the dats set sentifeer
PXDOOIIIR

KEYWORIN histone, profoamics, pos-transdational modification, dats analyses, search ongime
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Last year last year this publication caught our eye. The evaluation of Proteomics
search engines for the analysis of histone modifications also from the lab of Ben
Garcia. The publication used two data sets for the analysis. The first data set was a
high resolution and highly accurate HCD data set and the second data set was a
more traditional CID data set both acquired on a Thermo Orbitrap.

The paper covers the comparison of different proteomics search engines for these
data sets and I'll let you read the paper itself for their conclusions. Instead |
decided to use the high resolution HCD data set to compare different PTM
analysis strategies using Mascot.

11



Evaluation of Proteomic search engines
data set

« Both high resolution HCD data and lower
resolution CID data.

« Propionic anhydride treatment of the
sampie.

«No trypsin cleavage at Lys due to the
Propionylation - use ArgC as the enzyme

«Results in longer peptides

ProteomeXchange PXD001118

MATRIX
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Both the data sets along with search results and analysis are available from
ProteomeXchange.

One important thing to note about this data set is that the sample was treated with
propionic anhydride. This quantitatively modifies all of the lysine's in the sample
such the trypsin cannot cleave at lysine. You could create a custom trypsin enzyme
or just use the preexisting ArgC enzyme definition which is what I did.

The propionic anhydride treatment results in longer peptides which is desirable in
this case as there are so many lysine and arginine's in the Histones that you would
normally end up with very short peptides.

http://proteomecentral.proteomexchange.org/cgi/GetDataset?ID=PXD001118
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Original evaluation of the search
engines

« Searched histone only database

» Used iterative search algorithm with
multiple searches combining the results

« Search parameters

« Enzyme : Arg-C
+ Peptide mass tolerance : + 10 ppm
« Fragment mass tolerance : + 0.02 Da
« Max missed cleavages : 2
« Instrument type : ESI-TRAP
« Fixed modification : Propionyl (N-term)
MASCOT :cGettingto grips with histone modifications.  ©2015 Matrix Science MATRIX
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In the original evaluation of the search engines the data was searched against a histone
only database. The original samples contain many more proteins than just the histones so
when we do our analysis we will search against the human taxonomy subset of the
SwissProt database and the common contaminants database.

The authors used an iterative search algorithm with multiple searches and combined the
results.

The base search parameters used the ArgC enzyme definition, a peptide mass tolerance
+10 ppm, fragment mass tolerance & 0.02 Da, maximum number of missed cleavages set
to 2 and instrument type ESI trap.

There is also a fixed N-terminal Propionyl modification to account for the sample
preparation.

13



Iterative search algorithm proposed by
Huang et al

« Filter unmatched spectra into the next
search as per a follow up task.

« Used it to look for adriamycin-induced DNA
damage and normai aikyiation with side
reactions and the iPRG 2011 study data.

« Provided python scripts but only work with
OMSSA.

ISPTM: an iterative search algorithm for systematic identification of post-
translational modifications from complex proteome mixtures.
Huang Xi, el al, J Proteome Res. 2013 Sep 6;12(9):3831-42. doi: 10.1021/pr4003883.

MASCOT SAENGE

The iterative search algorithm that was used is based on a paper by Huang at al.
The basic principle is to filter the unmatched spectra from one search into the next
search as per a follow-up task in mascot daemon.

Huang and colleagues use it to look for post-translational modifications in a
Adriamycin induced DNA damage data set and the data set from the iPRG 2011
study.

The authors used a number of Python scripts to compile the results but the scripts
only work with the OMSSA search engine

14



Iterative search strategy to analyze
common Histone modifications

Search title Modifications

Un Propionyl K(+56.026)

Ac Propionyl K(+56.026)
Acetyl K (+42.011)

Me Propionyl K(+56.026)
Methyl Propionyl K (70.042)

Di Propionyl K(+56.026)
Dimethyl K (28.031)

Tr Propionyl K(+56.026)
Trimethyl K(42.047)

Ph Propionyl K(+56.026)
Phosphorylation 5T (+79.966)

Co Propionyl K(+56.026), Acetyl K (+42.011),

Methyl Propionyl K (70.042), Dimethyl K (28.031),
Trimethyl K(42.047), Phosphorylation ST (+79.966)

All search parameters include fixed N-terminal Propionyl.
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In the comparison analysis this is how the iterative search strategy was set up. The titles
stand for Unmodified, Acetyl, Methyl, Dimethyl, Trimethyl, Phosphorylation and
Combined searches. You can see the small mass difference between the Acetyl lysine and
the Trimethyl lysine which we should be able to differentiate in this experiment.



Can be configured in Mascot Daemon

Ll Mascot Daemon - omEm
Eile [Edt  Help
Status | Evert Log | Task Edtor | Paramater Edtor |

® @ 197, Unversty of Texas MO Anderson Cor & | Dt flename [ Searchme | Accesson | Msss | Scom |
& @ 138 Unventy of Texs MD AdenonCa (15 1HCD_Hatorse saw un (C\ProgramData \Matee Soence'Mas. POISOBH_ 14180 15671
-9 133: puth e ot 54200_sors raw un C\ProgramDues Matme Scence'\Mas 007IDGM. 15434 626

& @ 200 MS Data Conveder test

8 201 maCorvert wi file tost

= @ 202 Mascot Distiler wif fhe test

# @ 200 M5 Data Corventr wif fle test kngwn
[ 204 maCornvert wif file tent known good

In this case follow up tasks were configured to search all the spectra
at each step as per the paper.

MASCOT N

This kind of iterative search strategy can easily be configured in Mascot daemon using
follow-up tasks.
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How to build a set of iterative searches

» Starting with the last search and build
backwards to the first search.

L] Mascot Daemon - olEN
e fde ey

S | Eowrt lag  Tos G | Pumener futer

MATRIX
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The trick is to start by setting up the last search in the series and build backwards
to the first search. In the schedule section of the task editor tab choose follow-up
rather than the normal “Start now”.



Middle and “End” tasks

Middle task Starting task
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For the middle tasks the schedule has to be both follow-up so that it can receive data

from the previous search and you also need to configure the follow-up section so that the
task will pass data and to the next search. In the paper all the queries will be passed from

one search to the next.

The final task to define is the starting task and this is scheduled to start now but again the

follow-up session is configured to pass all the queries through to the next search.

18



Two approaches to the follow up tasks

Sieve strategy. Multi-search strategy.

Pass unmatched spectra through to Pass through all the queries to each
the next task, E >0.05. search
MASCOT :Gettingto grips with histone modifications. 2015 Matrix Science Is%afrggg%

There are two possible approaches to the follow-up tasks. The standard Mascot method
would be to pass the unmatched spectra to the next task, that is queries with a non
significant match and expect score of 0.05 or greater. This is like a set of sieves where
queries are identified at each search and the unmatched ones go though to the next
search.

As we saw in the last slide in the comparison paper they passed all the queries through to
the next search. This is effectively the same as automating a set of independent searches
and then comparing the results to create a consensus identification for the queries.

19



Sieve strategy
« Advantage:

+ Each query only has one
identification so easy to
merge results.

» Can search more

search.
« Disadvantage:
« Query may have obtained
better resultsin a later

search with different
modifications.

Differences between the two methods

modifications than a single

Multi-search strategy
« Advantage:

« Each query can find its best
match under the search
conditions.

« Disadvantages:

* More complicated to
combine the results of
multiple searches.

» Final combined search makes
earlier searches redundant.

MASCOT :cettingto grips with histonemodifications.  ©2015 Matrix Science
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Both iterative search strategies need to combine their results for the final analysis.

In the sieve approach the advantages are that each query only has one significant
match so it is easy to merge results. It is not quite true because multiple peptide
sequence matches for the query can be used in one report.

Using lot of searches with a small number of modifications in each one allows us
to search more modifications in total and each search is more sensitive than a

single search with lots of modifications.

The disadvantage is that you don't know if the query would have obtained better
results in a later search with different modifications.

For the multiple search approach where all the queries pass-through to the next

follow-up task the main advantage is that each query can find it’s best match under

different search conditions. The disadvantages that is more complicated to

combine the results of multiple searches. The final combined search makes all the

previous steps redundant.

If you wish to compare the effectiveness of a search engines ability to identify a
certain PTM this is a good approach. For more general purposes the sieve

approach is better.
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The traditional Mascot approach is the
error tolerant search

« An error tolerant search was designed to
address the following problems:
« Enzyme non-specificity
« Unsuspected chemical & post-transiationat
modifications
« Peptide sequence not in the database

Error tolerant searching of uninterpreted tandem mass spectrometry data
David M. Creasy and John S. Cottrell, Volume 2, Issue 10, pages 1426-1434,
October 2002

MATRIX
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At this point I should also mention the traditional Mascot approach to solve this kind of
problem which is the error tolerant search. An error tolerant search is a two-part search
that was designed to address enzyme non-specificity, unsuspected chemical and post
translational modifications and peptide sequences that are not in the database, SNP’s for
example. Error tolerant searches were incorporated into the mascot search engine over 10
years ago in 2002.

21



Search constraints for standard, first
pass

Enzyme must be fully specific

A reduced ceiling on the number of
variable modifications

«default is 2

Cannot be combined with an automatic
decoy database search

Cannot be combined with quantitation

. o . o MATRIX
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There are a number of constraints for an error tolerant search which prevent the
search space from ballooning out of control. For the first pass the enzyme must be
fully specific.

We also need to limit the number of variable modifications to two.

we cannot combine an error tolerant search with an automatic decoy database
search. Likewise we cannot combine an error tolerant search with quantitation
analysis.

22



Error tolerant, second pass

« The selected enzyme becomes semi-specific

« The complete list of modifications is tested,
serially

« Only one of the above is allowed per peptide.

« If the mass delta of the modification is less than
the smaller of the precursor mass tolerance and
the fragment mass tolerance, the modification is
rejected.

. - . - MATRIX
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In the second pass of the search Mascot makes some changes to the search
parameters automatically.

The selected enzyme becomes semi-specific.

The complete list of modifications is tested, serially
All possible amino acid substitutions are tested.
Only one of the above is allowed per peptide.

If the mass delta of the modification is less than the smaller of the precursor

mass tolerance and the fragment mass tolerance, the modification is rejected.

23



In the report the error tolerant
matches have no expect score
Data format Mascotgenenc v Precursor m/z
Instrument  Default v lErmr tolerant [
oo b2 4BZ.7T460  F63.477T4  $EI.4TT4 0.0330 33 | [ F] " EER R.KGNYAER.V » Propiomyl (K): [+13.010% at E6]
S4086 B3 483.2379% 964.4613  964.4614 0.12 € 4 [7.%e-003[py UM R.KGNYSER.V = Propiooyl (K
408 65 . 4686  SE4. 4613 D64 4614 -0.038 ¢ 27 c.oosi|py v E L
£4137 p2 484,785 $67.3561 967,556 0.15 ¢ 4 b1 1 111 R.GKRQUD [-0.9040 -
L4150 pes 485.277¢ 3 0.870 32 0-003 | by ®E EEEm R.OK
L5130 paz 485.2776 96 o & Py © ™ R.GETG 27.010
4204 b2 323.8544  968.3413 9685403 1.06 0 44 Py © [ ] R.GETGGEAR. A = 7 Fropiomyl (K): [+27.010
4204 P2 323.8544  968.5413  968,5403 1.06 0 42 | 0.00017|p2 . Tl R.OKQOGKAR.A = 2 Proptenyl (K)
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To run an error tolerant search just click the error tolerant checkbox in the search
form.

When you review the results you will easily be able to spot the error tolerant
matches because they are missing an expect score.



Use an error tolerant search to see
what the common modifications are.

« The Modification statistics section of the
protein family report list modifications
identified in a search and their frequency.

e Introduced in Mascot Server 2.5.

« Note when analysing a sample which is
known to be heavily modified the reported
delta mass may be the result of multiple
modifications.

. I o - MATRIX
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To begin my analysis of the data set I decide to perform an error tolerant search
with minimal variable modifications to see what the common modifications were.

* The modification statistic section of the protein family report lists the
modifications identified in a search and their frequency.

e [t was introduced to Mascot Server version 2.5.

* One thing to be aware of is that when analyzing a sample which is known to be
heavily modified the reported mass may be a result of multiple modifications.
Even if you haven’t used an exotic derivatization or labeling reaction on your
sample the combined PTM’s may equal the mass of an unusual modification.
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Databases
Taxonomy

Timestamp

e
ne-sSeaicn

P Legend

Search title :
: 1: SwissProt 2015_05 (548,454 sequences; 195,409,447 residues)

un ArgC SP Histone analysis

2: contaminants 20090624 (262 sequences; 133,770 residues)

: 1: Homo sapiens (human) (20,199 sequences)
2: (none)

1 26 May 2015 at 21:32:36 GMT

@ ANl () Man-=i
& All L) Mon-s

Not what you expected? Try thae salect summary.

W¥Search parameters
Type of search : MS/MS Ion Search
Enzyme : Arg-C
Fixed modifications : efPropionyl (N-term)
Variable modifications : efPropionyl (K)
Mass values : Monoisotopic
Protein mass : Unrestricted

Peptide mass tolerance : + 10 ppm
Fragment mass tolerance : £ 0.02 Da

Max missed cleavages 2
Instrument type : ESI-TRAP
Number of queries : 16,906

P Score distribution

» Modification statistics

Protein Family Summary
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As an error tolerant search can not currently be combined with a decoy search. To
estimate a suitable significance threshold for the error tolerant search we can run a

standard search.
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P search parameters

P Score distribution

» Modification statistics
P Legend

Protein Family Summary

Filter | significance threshold p<

0.0020! ]Max. number of families

Ions score or expect cut-off
Show Percolator scores

Preferred taxonomy

Peptide matches
- above identity threshold

- above identity or homology threshold

0 Dendrograms cut at 0
=
All entries v

¥Decoy search summary (reversed protein sequences)
in target in Decoy FDR

2024
2062

Decoy results are available in «the decoy report.

AUTO “help]

20 0.99% :
20|0.97% | Adjustto | 1%* v
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Adjust the False Discovery Rate to 1% and use the resulting significance threshold with

the error tolerant search.
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Search title : un ArgC SP Histone analysis Error Tolerant
MS data file : 1HCD_Histone.raw.- 1_no_sum.mgf
[ k : 1: Swi ot 2015_05 (548,454 sequences; 195,409,447 rasidues)
__2: contaminants 20090624 (262 sequences; 133,770 residues)

Error tolerant search of all significant protein families |
Taxonomy : 1: Homo sapiens (human) (20,199 sequences)

2: (none)

Timestamp : 21 May 2015 at 03:35:46 GMT

Re-search | @ All O Non-significant O) Unassigned «[help] Export As |CSV v
Not what you expected? Try ®the select summary.

¥Search parameters

Type of search : MS/MS Ton Search

Error tolerance : Error tolerant search of all significant protein families
Enzyme : Arg-C

Fixed modifications : fPropionyl (N-term)

Variable modifications : dfPropionyt (K)

Mass values : Monoisotopic

Protein mass : Unrestricted

Peptide mass tolerance  : + 10 ppm
Fragment mass tolerance : + 0.02 Da

Max missed cleavages  :2
Instrument type : ESI-TRAP
Number of queries : 16,906

} Score distribution

P Modification statistics

P Legend

Protein Family Summary

. A . I MATRIX
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Here are the results of a simple search using just fixed Propionyl at the peptide N-

terminal and variable propionyl on the lysine. The significance threshold has been set
to the value from the standard search.



P search parameters
» score distribution
‘¥ Modification statistics
Modification Site Above thr. ET Total matches
Propionyl K 9892 0 9892
Propionyl N-term 4040 0 4040
Glu->GIn E 0 158 158
Propionyl S 0 154 154
Oxidation M 0 124 124
Non-specific cleavage - 0 122 122
Acetyl K 0 121 121
Delta:H(B)C(6)0(2) K 0 105 105
Propionyl i ) 0 103 103
Guanidinyl K 0 92 92
Crotonaldehyde K 0 82 82
Guanidinyl N-term 0 57 57
Amidated C-term 0 56 56
Ethyl N-term 0 56 56
Delta:H(4)C(2)0(1) C 0 56 56
Ethyl K 0 54 54
Trimethyl K 0 42 42
Dehydrated D 0 39 39
Lys->Xle K 0 34 34
Asp->Asn D 0 32 32
Met-loss+Acetyl N-term 0 30 30
Thr->GIn T 0 29 29
Gly K 0 23 23
Dimethyl R 0 22 22
. ; ; ith hi i i e v h e e MATRIX
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Expanding the modification statistics displays an ordered list of the most frequent
modifications. You can see the two modifications that were included in the first pass of
the search listed at the top of the table. In total there were over 300 different
modifications identified.

Not all of the modifications listed in this table effect histones but many of the more
frequent ones are important.

Likewise some modifications like oxidized methionine are quite frequent but are not
necessarily interesting as they either do not effect Histones or have no known meaning in
the Histone code.

We often see a Delta or label reported in the error tolerant results but this does not mean
that you should ignore it. The Delta:H(8)C(6)O(2) modification has a mass of 112 which
is equivalent to two Propionyl modifications. Likewise Delta:H(4)C(3)O(1) has a mass of
56 so is also equivalent to a single Propionyl modifications of Cysteine which could be a
chemical artifact or a result of misassignment due to lack site localization information in
the spectra.
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Review the modifications

erotens (128) || Report Buider | [ el

Protein hits (13 proteins)
¥ Columns: Standard (12 out of 16)
WFilters: “Methyl_Propiony! (K)* is In & significant peptide

| Metmyi_Propomyd (K) ®is s not | ina sgndcant pepsde ~ Remove ]
AND v Family v < v
Update
Export as CSV
Eamily | M| DB Accession Score | Mass | Matches | Matchisig) | Sequences | Sealsia) | emPAl | Description
1 2 | SwissProt | #2::H2a0)_uman | 1712 | 14712 435 % 16 4] 10.57 | Histone H2A type 1-) OS=Homo sapsens CN=HIST LH2A) PE=1 SV=3
1 3 | SwesProt | £2: H2AIM_HUMAN | 1701 | 14682 416 » 15 4| 1674 | Histone MZA Type 1M OS=Homo sapiens GN=HISTIMIAN PE=1 S¥=1
1 4 | SwissProt | £2: HIAZA_MUMAN | 1221 | 14927 398 n 1% 4| 5657 | Mstone MZA type 2-A OS=Homo sapiens GN=HISTIMZAAD PE=1 SV=]
F | 1 | SwiassProt | 2 :H4_HUMAN 2193 | 12033 618 17 1% 9| 2581.42 | Hstone H4 OS sHomo sapeens GNeHIST IHAA PE=] Sva2
1 1 | SwissProt | #2: ;M14_HUMAN 1635 | 25382 # 41 4 3 3.41 | Mistone M1.4 OS=HoMO sapeens GN=HIST IMIE PE=1 SVa2
i 2 | SwwsaProt | of2::H12_HUMAN 1617 | 4713 T 43 3 3 4.91 | Histone H1.2 OSsHomo sapsens CHEHISTIHIC PE=] SVad
4 1 | SwissProt | o£2::132_HUMAN 1407 | 16163 528 a3 10 7| 402.98 | Hstons H3.2 OS=Homo sapiens CM=HISTIHIA PE=1 SV=)
4 2 | SwissProt | #2::M33_HUMAN 644 | 16103 458 54 15 7| 134.18 | Hatone H.3 OS=Homo sapeens GN=HIF3A PE=1 SVa2
2 1 | SwasProt | «2: :RLI9_MUMAN 343 | 19590 ™ 20 10 5| 1154 | 605 nbosomal proten L29 OSsHOMO Sapkens GNsRPL2Y PE=1 SVl
0 1 | SwissProt | 2: HIBIM_HUMAN | 154 | 15060 129 ] 12 1 1.23 | Histone H2B type 1-H OSsHoma sapsens GNsHIST IHIDH PE=1 SVa)
a2 1 | SemsProt | o3 RLIGA_HUMAN 129|137 1 3 & 2 1.38 | 605 nbosomal proten L16a O5=Homo sapmns GN=RPLIGA PE=1 SV=2
2 1 | SwissProt | 2: HZBIL_MUMAN | 104 | 15120 L 5 1] 1 1.23 | Histona H2B type 1-L OSsHomo sapiens GHIST 1HZBL PE=] SVl
s 1 | SwissProt | 2 H2BFS_MHUMAN 77 | 15058 57 1 e 1 0.49 | Histone H2B8 type F-S OSsMomo sapsens GNeHIBFS PE=l SVe2

. - . , MATRIX
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At this point it is worth while reviewing the search results and modification matches..

The quick way to do this is by using the Report builder tab of the protein family report.
Here I filter on the Methyl Propionyl modification and see that apart from the 60s

ribosomal proteins it is only found on Histone proteins.
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Loermah

riivers: “Cuidation (#) " i in & significant pepide

Cotation (M) % Ui not =8 sgnicen peptce hemcen
AND | Famty - € v
pdane
Eapot ag C5V
JEmmiy WI08  (Accewies | | Matches | Haich{slg) | Segwences | Sea(ulg) smPAl |
1 1 | Swmabrot [ #7204 _bamian a2 "w 1 | S5ITHOAS1 11 | Matons We OS skomo Lapen GNHIST 44 PE =] Va2
2 § | Semebrot | £7 MIADC_MUMAN 2 LY 2 407006 | Matone WIA type I-C Of shomo Lageans CHSESTIMIAL Pl Sved
b 1| Semalvot | #7:003_HUMAN a " 18| S5RI7THLET | Hatore M7 Ofshiomo sageans CNISTIOL M=) SV
3 3 | Swmebvot | #2001 uman an " 35| 200004, 74 | Matone 43,1 O shioms sageen CHHEST IHIA PE SVed
2 3 | Swmspver | 220007 _sesann n1 1 11| 21907622 | atone HI.1E OSssiome sapuens CHHEST O PEs1 SVe)
1 o | Swmavot | #2000 AN 85 Y] 13 79810194 | Mutore HI.3 O shoms sagesn CNHOFIA PL=1 SVe2
1 1 | Swmsbrot | #2039 pumaan 8 0 L] 295,10 | 60% rbosemal proten LI9 OS soms sapmns CHAAPLIS PEe] SVad
1 3 | Semurrot | 2 oma_pusian w ] " 199470 | Matone HIB type 1K CS shiome apens CHeHEST IHODN PE<1 SV=d
7 1 | Swemerrot | #2::00088_ruman 55 n ] .10 | Cobed-cod Gomanr Contarang protem B6 DS Homs Lagsans CH-CCDCHS PE=1 SV=]
n 1 | SwesProt | o786 HUMAN 51 4 1 SI7.21 | 605 rbosomal proten L6 OS=Homo sagens CH=SPLIG PEx) Sval
] 2 | Swmsbrot | 2w 26 sune " W . 100,46 | 60% Mbosomal proten LI6-Se | OS=Homs Lapens GN=RPLIGLT PE=] SV=1
n 1 | Seprot | 2RI HUMAN 2 n " J124.82 | 605 MBosemal proten LI6 D5 HOmS Sagent CHRPLIS PE] SV)
15 1 | Swesbrot | o2 0meC_buaan ” [ 7 B35 | Metarngenaou el rberuckopratent CLICI 05 sioms Lagmnt CNSSENPC PE] Svet
i 1 | Swmebron | o210 puaan » ] 4] 79,04 | 605 ribosomal proten LiJ O sHome apmns CHSRLLD FExl Svee
™ 1 | Swmupvet | w2:onmoe s | w0 7w n » ] ¥ .29 | Chvomatin target of FRMT 1 proten Ofissme sapens GA=CHTOR Fi=l Sved
u 3 | Seebvot | 3 s ee_umaan T | tewr n n ] r 106,00 | 40 ribosomal proten $19 O stioms sapmns CH-AFH1S =l SVl
@ 1 | Swmervot | zomana suneny | 0w | 3207 2 n . 7 11,32 | 605 ribosoms proten L1313 OB sstms apns CH-RFLLIA PE=L SV2
] 3 | Swmsprot | S2cmmes_pmmas e | a2 - ) ] " 8.0 | Probatie fRNA- procesng proten EBPT D5 sHome sapsns GN-EBNALIPZ PE=1 S¥=d
m o | Swmeprot | cacTvoce s | e | a7ee » 17 ] . .90 | THO complen subunt 4 O tiome sageens GRALTREF PE=3 5Vd
u 3 | Swasbror | #2:m1e pusan saz| 2300 e » 0 12 31,42 | 805 ribossmal proten LI O sHoms sapens CH-PLLS PEs] SVed
n 1 | Swmsbvor | 30 RS20 puman 508 | w00 " 1 ] ] 242,88 | 405 ribossmal proten S8 OF shoms sapens CHPEIE PE«) SVl
M 1 | Swessbrot | #3-mon0_sanes | 499 | sETes 12 1 . % 1.6 | Non-POU doman- contaneng octame-badng proten O sioms tapans CHNONG P =1 SVat
i 1 | Swmubrot | #3007 s ass | mea 1 1 ] ? 411 | 605 riboscmal proten LT (S sbioms apiens ST PExl SVa1
% 1 | Swimsbvot | #2-nmics pasaan | 4o | Ieees 1 n ] ] 1.37 | Mchear ubiduatiun canen and Cycin-dependent kinass wibetrate | Ciaoms Lapeans CHRICKS] FE1 SVel
a5 1 | Swmabrot | 2 ms1a s ww| e 12 12 . . .84 | 405 rboscmal proten 514 Ofshome sagens CHAPS14 PEl V)
= 1 | Swsubvot | 2038 puman saa| ey " " ] ] 104,21 | 605 rbossmal praten LI OSstiome Lapmns CH-APLYS M=l SVad
= 1 | Swesbvot | 22y susan 35| teesa 1 . ] s 1.70 | 805 ribosemal proten L11 DS some sageens CHRPLI1 PE=1 SYad
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While MetOx is distributed evenly through the protein hits with about one third of the
proteins containing an oxidized Met.

If we look at the top Histone hit by clicking on the protein accession number
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RTVTAMDVVYALIR . Q

RTVTAMDVVYALRR . Q

ETVTAMDVVYALRR. O »
ETVTAHDVVYALER.Q +
RTVTAMDVVYALIR.Q +
KTVTAMDVVYALKR.Q +
ETVTANDVVYALRR.Q +
KTVTAMDVVYALKR . Q +
ETVIANDVY EALIR. O +
KTVTAMDVVYALKR.Q +
RTVTAMDVVYALER.Q +
RTVTAMOVVYALER.Q +
ETVTAMDVVYALKR.Q +
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Ozidation
Oxidation
Oxidation
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Oxidation
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Oxidation
Oxidation
Propionyl
Propionyl
Propionyl
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Propionyl

ETVTAMDVVYALKR.Q « Oxidation
KTVTAMDVVYALIR.Q » Oxidation
ETVTAMDVVYALRR.Q = Oxidation

R.ETVTAMDVVYALER.Q + Oxidation
R.ETVTAMDVVYALER.Q + Oxidation

R

ETVTAMDVUYALRR .G -

Omidation

: Propionyl (T)

Propionyl (T)
Fropienyl (T)

: Propionyl (T)
: Propionyl (T)
: Proplenyl (T)
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We jump to the list of matches. We can see that pretty much all of the peptides are
represented in both oxidized and unoxidised forms. This means that although we will

increase the number of hits in the search we will probably not add any new sequences,
with their biologically relevant modifications, that we did not already know about. The
main benefit of including these matches in a search will be to prevent these queries from

being misassigned and to help keep the FDR rate numbers reasonable.
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Error tolerant search with more
variable modifications

» Increase the number of MaxEtVarMods from
2 to 8 in the Configuration Editor

e Choose 5 of the most important Histone
modifications:
« Acetyl(K), Dimethyl(K), Phospho(ST), Propionyl(K)
and Trimethyl(K)

. - _— e e MATRIX
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Can we run an error tolerant search with more variable modifications? Baring in mind
mascot can only find one unsuspected modification per a query wouldn't it be better to
run a search with more variable modifications in the first pass search? Yes it is possible
to increase a configuration value max ET var mods from two modifications in the first
pass search up to a maximum of eight. You can edit this setting in the configuration
editor. I choose the five modifications used in the combined search as my initial variable
modifications. When these settings are used in a standard search completes successfully
in a reasonable time frame but when run as an error tolerant search it did not complete.
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What happened?

A Combinatorial explosion!
« Histone H4 fragment5 - 18
+ GKGGKGLGKGGAKR

« 5 possible Lys modification states at four Lys modification sites
« 5% permutations = 625 possible arrangements

+ Histone H2A type 2A fragment 73 -130
+ DNKKTRIIPRHLQLAIRNDEELNKLLGKVTIAQGGVLPNIQAVLLPKKTESHHKAKGK
« 5 possible states with 8 Lys and 2 Phospho states at 4 Ser or Thr sites
« 58 x 24 permutations=390625 x 16= 6,250,000 arrangements
o The error tolerant search then adds all the
unsuspected modifications on top of these
calculations.

MATRIX
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What happened? The search suffered from a combinatorial explosion.

Here is an example of a small peptide from histone H4. From the variable
modifications selected in the first pass search there are five possible lysine
modification states at four different lysines in the peptide.

The number of permutations and combinations calculates out to 625 possible
arrangements. This has increased the search space a considerable amount but it is
still possible to search the expanded space in a timely fashion.

Here is another longer peptide fragment from histone2A type 2A. Again in the
search we had five possible variable lysine modification states and there are 8
lysine's in the peptide. There is also a chance of phosphorylation. There are two
possible phosphorylation states phosphorylated or non-phosphorylated and four
possible sites for either serine and threonine phosphorylation. This calculates out
to over 6 million possible arrangements.

Mascot Server then has to add a layer of error tolerant modifications over the top
of this so each one of the possible permutations and combinations is modified with
each of the modifications defined on the server.
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Once you consider that there may be many thousands of long peptides like this in
the database you can see how Mascot Server is going to run out of resources when
searching with this many variable modifications.

Order is important and repetition (same modification at different sites is allowed) so the
permutation formula is n'.

Lys modifications and phosphorylation modifications are independent events so we can
multiple the two permutation factors together.

We cannot perform an error tolerant search of all of the modifications that we expect to
observe. However we can probably search with less variable modifications and still obtain
satisfactory results.

Alternatively we can try iterative searches.

With a longer peptide and ppm accuracy, more of the queries will match each possible
peptide combination.
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Sieve strategy vs multi-search strategy vs
error tolerant with modification counts.

searches - searches - Multi-
Sieve search

No. Queries 16906 16906 16906

un (Propionyl(K)) 2680 2680 4040 (9892)
Ac (Acetyl(K)) 84 86 121

Me (Methyl_Propionyl(K)) 178 242 82

Di (Dimethyl(K)) 95 117 0

Tr (Trimethyl(K)) 38 69 42

ph(S) (Phospho(S)) 12 13 7

ph(T) (Phospho(T)) 1 3 0

co 375 1666

Total 3463 4876 5764
MASCOT :cettingto grips with histonemodifications.  ©2015 Matrix Science S%:%EIF\EJ](%(E

The iterative search strategies were set up in Mascot daemon and a peak list was passed
down the chain of tasks.

One set of tasks were set up to analyze the data using the sieve approach.

A second set of tasks passed all the queries through to the next task after each step.

Finally an error tolerant search was run with the using the same settings as the Un step,
fixed Propionyl at the N-terminal and variable Propionyl(K).

All searches were adjusted to 1%FDR or as close to 1% as possible.

There were 9892 Propionyl(K) modification sites but many peptides have more
than one site of modification so the total numbers of identified peptide will be
lower than these numbers.

The table shows the number queries identified with the modifications being tested in the
search.

I totaled the number of modifications identified in the iterative search steps and
compared it to the number of queries identified by the combined search and they were
pretty even.

The error tolerant search identifies a lot more queries with at least one Propionyl(K)
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and another unsuspected modification. However the numbers quickly drop off for
the other interesting modifications because we have more than one unsuspected
modification per a peptide.
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The one difficulty with analyzing the iterative searches is compiling lists of the matching
peptides and comparing the results. After a bit of Excel trickery and use of context
highlighting we can compare the matches to the sieve style iterative approach on the left
to the multi-search iterative approach. The highest scoring queries are in green. Lower
scoring matches are in red and matches with a score less than 20 or were not found in the
search are black.

The sieve approach shows that queries were only used once per a search with a sparse
array of matches.

The multi-search iterative approach shows how queries that match a peptide with
Propionyl at the N-terminal and variable Propionyl(K) are propagated through all
the following searches.

Looking through the results of the multi-search iterative strategy we can see
examples where a query has only matched a peptide under those specific search
conditions or in some cases different peptide under one set of search conditions.
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Multi-search strategy advantage

LaU; SCan T471: Sean 1
9025: Scan 1

Sequence
Ac, Co 72 PEPAKSAPAPKKGSKKAVTKAQKKDGKKR  Acetyl (K); 9 Propionyl (K)
The rest 54 PEPAKSAPAPKKGSKKAVTKAQKKDGKKR 10 Propionyl (K)
#3324 Scan 13866 (rt=34 S408) (C-\MSData active\PXDOOI11E UPsnn Ban Carcis Nistose\1NCD_Nistons. raw]
Score > 20 indicates identity
0.460 72 3.3e-001 ¥; U@ " .k -
1 72 3.%e-007 1 ] W. PEPAESAPAPERUS ERAVTEAQEEDGERR. K + Acetyl (K): 9 Propienyl (E)
-0.46 0 61 4.1e-006 3 | § | K+ Aoetyl (K): % Proplonyl ()
~0.46 0 58 7.%-006 4 n M. KR.K » Aoetyl (K): 9 Froplonyl (&)
-0.460 54 2.3e-005 3 - " ¥ + 10 Propioarl (R
-0.46 0 an 40-003 & |} M. KR.K » Acetyl (K): ¥ Propiongl (K)
-0.46 0 30 0.004% 7 | ] M R. K+ Acetyl (K): % Proplonyl (B
-0.460 326 0.012 8 - M K+ 2 Acetyl (K: 8 Proplonyl (X
-0.46 0 26 0.014 9 l | M. K+ 2 Acetyl (K): ® Proplemyl (K)
=0.44 0 15 0.15 10 - H.PEPAKIAPAPEKGIKKAVIKAQEKDGKER.K « Acezyl (K): ¥ Fropiomyl (K0
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Also in the multi-search iterative strategy results we can find queries that have a different
score for different searches. In this example a query has a significant match in the first
Un search. In the sieve search strategy the query is filtered out from the subsequent
searches. In the multi-search strategy the query scores higher in the Acetyl and
Combined searches. The query is matching the same sequence in all searches but with a
slightly different set of modifications, an acetyl and 9 Propionyl instead of 10 Propionyl.
The score difference is significantly higher too. If we click on the query number in the
report we can open the peptide view and at the bottom of the page see the top 10 hits for
the search and the site analysis results.

We know this problem exists and leads to an increased FDR but it is very infrequent. If
you wish to dig deeper into the results click on the query number to open the peptide
view.
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Site determination
Score| Mr{calc) Delt:l Sequence Site Analysis

71.6 |3661.0817|-0.0017|PEPAKSAPAPKKGSKKAVTKAQKKDGKKR |Proy

vl K5, K12, K15, K16, K20, K23, K24, K27, K28, Acetyl K11; 46.73%

716 |3661.0817|-0.0017| PEPAKSAPAPKKGSKKAVTKAQKKDGKKR (Propionyl K5, K11, K15, K16, K20, K23, K24, K27, K28, Acetyl K12; 46.73%

609 13661.0817]-0.0017|PEPAKSAPAPKKGSKKAVTKAQKKDGEKR |Propronyvl K5, K11, K12 K16, K20, K23, K24, K27 K28 Acetvl K15: 4.01%

58.1 |3661.0817|-0.0017|PEPAKSAPAPKKGSKKAVTKAQKKDGKEKR |Propionyl K11, K12, K15, K16, K20, K23, K24, K27, K28, Acetyl K5; 2.10%

53.5 |3661.0818|-0.0017

PDPAKSAPAPKKGSKKAVTKAQKKDGKKR 1

51.1 |3661.0817|-0.0017

PEPAKSAPAPKKGSKKAVTKAQKKDGKKR (Propionyl K5, K11, K12, K15, K20, K23, K24, K27, K28, Acetyl K16, 0.42%

30.1 |3661.0817|-0.0017

PEPAKSAPAPKKGSKKAVTEAQKKDGKKR, |Propronyl K5, K11, K12, K15, K16, K23, K24, K27, K28, Acetyl K20; 0.00%

26.3 |3661.0818/-0.0017

PDPAKSAPAPKKGSKKAVTKVQKKDGKKR

25,6 |3661.0818]-0.0017

154 |3661.0817(-0.0017

PDPAKSAPAPKKGSKKAVTEVOQREKDGKKR
PEPAKSAPAPKKGSKKAVTKAQKKDGKKR [Pmp:on_\-l K35, K11, K12, K15, K16, K20, K24, K27, K28, Acetyl K23; 0.00%
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At the bottom of the peptide view is the top ten list of matches for a query. If there are
multiple possibilities for the localization of the modifications Mascot will carry out a site
analysis. The Site analysis is not just for phosphor peptides. Mascot Server will report
the potential site assignments for the top 10 matches with identical modifications. Here
we can see the two most likely sites for the Acetyl PTM. The alternative peptide match
with 10 Propionyl is here in the middle of top 10 matches. Although it does not have a

site assignment because it has different modifications we can tell by the neighboring
assignments which have a probability of less than 1% it is an unlikely match.
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Refine the search strategy

« Too many unsuspected modifications per a
peptide for an error tolerant search.

« Multi Search strategy as described to
evaiuate the search engines can be
replaced by a single combined search.

» Sieve strategy

«Select different common modifications to see
which ones are the most important.

. - _— e e MATRIX
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As there are too many unsuspected modifications per a peptide for an error tolerant
search. The multi-search strategy that was used to evaluate the search engines can be
replaced by a single combined search. Adding more variable modifications to the search
parameters increases the identity threshold such you lose more matches than you gain.

This makes the combined search parameters, with the change of Propionyl (K) to a fixed
mode the sweet spot as far as number of variable mods goes and biologically relevant
information.

We can obtain more matches by expanding the Sieve strategy to include some of the non
biologically relevant modifications to increase the total number of matches. We will pick
up quite a few biologically relevant peptides too
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Refining the sieve strategy

« Make Propionyl (K) a fixed modification
like Propionyl (N-term)
«Reduces the search space as we only look for

mndifiad lvecinac
(RRAYAS R AL | \’Jlll\.-n.,.

« Which modifications to use?
« Propionyl (S), Propionyl (T), Oxidation (M)

MATRIX

MASCOT :cGettingto grips with histone modifications.  ©2015 Matrix Science SCIENCE

The initial error tolerant search repotted a number of matches with unmodified lysine
sites but these are not really what we are interested in. Instead lets make the Propionyl
(K) a fixed modification. This means that Mascot Server will only search for modified
lysines with either Propionyl (K) or one of the variable Lysine modifications.

Next we will expand the number of search iterations we will use by adding some of the
most frequently occurring modifications to the strategy.
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Original sieve strategy vs improved sieve
strategy with modification counts.
No. Queries 16906 16906
un (Propionyl(K)) 2680 4484
0x (Met0x) 2 120
propSer (Prapion(s)) : 187
propThr (Propiony(T)) - 83
Ac (Acetyl(K)) 84 90
Me (Methyl_Propionyi(K)) 178 79
Di (Dimethyl(K)) 95 97
Tr (Trimethyl(K)) 38 38
ph(S) (Phospho(s)) 12 6
ph(T) (Phospho(T)) 1 1
co 375 689
Total 3463 5884
MASCOT :cGettingto grips with histone modifications.  ©2015 Matrix Science SI}E%EIF\EI](%(E

After making Propionyl (K) a fixed modification and adding three more rounds of
iterative searches we identified more modifications for all but the

Methyl Propionyl search with the refined Sieve strategy. The two big gains in
number of modifications were the number of peptides identified in the first and
last iterative steps.



8816: Scar
14290: Sc
16372: S¢
14532: 5¢
7180: Sca
11704: 5c
15786: Sca

MASCOT :cettingto grips with histone modifications. 2015 Matrix Sclence
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I plotted the expect scores for the searches and compared the results. As you can see it

will be easy merge the results as there are no conflicting matches.
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Search setting recommendations

» Search against a database that contains all
the potential proteins in the sample.

« Set both Propionyl (K) and Propionyl (N-
term) as fixed modifications.

» Error tolerant search with minimal
modifications to determine abundant
PTM’s

» Use a sieve strategy to identify the most
abundant modifications in the sample.

. - . - MATRIX
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Search against a database that contains all the potential proteins in the sample.
Otherwise you haven’t given the data a sufficient statistical challenge.

If you are using chemical derivatization such as proponic anhydride then I recommend
setting both Propionyl (K) and Propionyl (N-term). The use of proponic anhydride does
have some side reactions and a middle down approach using GluC might be a
good alternative.

Run an error tolerant search with minimal modifications first to determine the most
abundant modifications.

Finally use a sieve strategy to identify combinations of modified peptides.
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