Comprehensive support for
quantitation

MASCOT {arex

One of the major new features in the current release of Mascot is support for quantitation.
This is still work in progress. Our goal is to support all of the popular methodologies.



Quantitation - Overview

Protocol Description Examples

reporter Specific reporter ion peaks within a single iTRAQ, ExacTag, TMT
MS/MS spectrum

precursor Extracted ion chromatograms for related ICAT, SILAC, 80, ICPL,
precursors within a single dataset AQUA, Metabolic

multiplex Pairs of sequence ion fragment peaks within a | SILAC, 180

(Neubert et. al.) | single MS/MS spectrum

replicate Extracted ion chromatograms for identical Label-free
precursors across two or more datasets

empai Protein coverage in a database search result
(Ishihama et. al.)

average Extracted ion chromatograms for selected
peptides per protein within a single dataset
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To make this task manageable, we have classified the various approaches into a limited number of
protocols. So far, we have identified 6 distinct protocols. If anyone can see a method that doesn’t fit
to one of these, we’d be very grateful for details.

Reporter is quantitation based on the relative intensities of fragment peaks at fixed m/z values within
an MS/MS spectrum. For example, iTRAQ or Tandem Mass Tags

Precursor is quantitation based on the relative intensities of extracted ion chromatograms (XICs) for
precursors within a single data set. This is by far the most widely used approach, which can be used
with any chemistry that creates a precursor mass shift. For example, 180, AQUA, ICAT, ICPL,
Metabolic, SILAC, etc., etc.

Multiplex is quantitation based on the relative intensities of sequence ion fragment peaks within an
MS/MS spectrum. This is a novel approach, which can be used with any chemistry that labels one
peptide terminus, creating a small mass shift, such as 180 or SILAC under certain conditions.

Replicate is label free quantitation based on the relative intensities of extracted ion chromatograms
(XICs) for precursors in multiple data sets aligned using mass and elution time.

emPAl is quantitation for the proteins in a mixture based on protein coverage by the peptide matches
in a database search result.

Average is quantitation for the proteins in a mixture based on the application of a rule to the
intensities of extracted ion chromatograms (XICs) for the peptide matches in a database search result.
For example, the average intensity for the three strongest peptide matches per protein

The rows with a blue background are the protocols that are fully implemented in Mascot 2.2



Quantitation - Overview

« Quantitation methods that only require information
available in the MS/MS peak list are supported in
Mascot Server 2.2

e reporter
o multiplex
e emPAl

* Methods that require additional information from
the raw data file require Mascot Distiller +
Quantitation Toolbox ... not yet released

e precursor

« replicate
- average
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The common factor for these protocols is that all of the information required for
quantitation is contained in the peak list.

The other three methods require additional information from the raw data file, either
because it is necessary to integrate the elution profile of each peptide or because
information is required for multiple peaks in the survey scan. These methods require that
the raw data files are processed using Mascot Distiller.



Quantitation - Overview

Workflow for methods that require additional
information from the raw data file, (precursor,
replicate, average)

Mas cot Server

i,

Peak list
& search T ¢ Search
results

parametars
Raw data Mas cot Distiller Quantitation report
i W :
W —> by e
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For methods that require additional information from the raw data file, the workflow looks
like this. The raw data file is processed in Distiller and the search submitted to Mascot.
When the search is complete, the results are returned to Distiller. The quantitation report
can then be generated in Mascot Distiller, which has access to both the Mascot search
results and the raw data.

The Quantitation Toolbox for Distiller is still under development. We will try to get it
released as soon as we can.



Mascot 2.2 Changes

Named quantitation methods

» A method defines how to search and report data from a
quantitation experiment

Modifications defined in unimod.xml

« Residues and modifications all defined in terms of elemental
composition

Metabolic labelling
e e.g. “Nand N
Exclusive modifications
« A choice of fixed modifications
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Let me emphasise that the changes to the Mascot search engine are complete and released.

The set of quantitation methods is defined in a new XML configuration file, called
quantitation.xml. As with other configuration files, this file lives on the Mascot Server and
is downloaded by Mascot Distiller and other clients as required.

The introduction of quantitation has required changes in the way that modifications are
handled. Mascot now takes its modification definitions direct from an XML representation
of the Unimod database.

One factor that forced this change was the need to support metabolic labelling, in which the
isotopic label is present throughout the peptide backbone. This requires residues and
modifications to be defined and manipulated as elemental compositions.

We have also introduced exclusive modifications, which can be thought of as a choice of
fixed modifications. In many quantitation experiments, separate samples are derivatised
then pooled. Thus, a given peptide may carry one or the other set of modifications, but
never a mixture of both. Some people use the term "binary" for this type of specificity. We
prefer exclusive because binary implies only two possibilities. The real importance of this is
that it keeps the search space small, and avoids the ‘combinatorial explosion’ that can
happen with too many variable modifications
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We wanted to keep the user interface simple. Quantitation adds a huge number of choices
and parameters, but there is no point in exposing all of these in the search form.

The approach we have chosen is encapsulate these choices and parameters into named
quantitation methods. This means that the search form has just a single new control, which

replaces the old ICAT checkbox.

Methods that have [MD] at the end are the ones that require Mascot Distiller



Quantitation

The quantitation methods are defined in a
single XML configuration file

e quantitation.xml

« Browser based editor

» Add new methods as required

» Used by Mascot Server and Mascot Distiller
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The configuration file that encapsulates the choices and parameters for each quantitation
method is called quantitation.xml. This is an XML file, and there is a browser based editor
for modifying methods and creating new ones. quantitation.xml lives on the Mascot server
and is read by both the search engine and Mascot Distiller
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Mascot Configuration: Quantitation Methods

Quantitation Methods

Name Protocol

Hone null

iTRAQ 4plex reporter Capy Delete Print

iTRAG @%Iex reporter Copy Delete Print

180 chvected multiplex multiplex Copy Delete Print.

SILAC K+6 Ret6 multiples multiplex Copy Delete Print

TMT Eples reporter Copy Delete Print

ICAT ABI Cleavable [MD] precursor Copy Delete Print

ICPL duplex pre-digest [MD] precursar Capy Delete Print

1CPL duplex post-digest [MD] precursor Copy Delete Print

SILAC K+6 Re10 [MD] precursor Copy Delete print

180 corrected [MD] precursor Copy Delete Print

15N Metabolic [MD] precursor Copy Delete Print

[ New guantitation methed | [ Mainmenu |

Applied Biosystems iTRAQ(TM) 8-plex reagent
€] http: jta1-jsc/mascotf-cgijms-config.exe?u=1179506282 & Local intranet
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The new, browser-based Configuration Editor, provides an interface to all the Mascot
configuration files. In the case of quantitation, you can edit an existing method or make a
copy of it as the basis for a new method
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Edit Quantitation Method:ICPL duplex post-digest [MD]

Name

Hame [ICPL duplex post-digest [MD] | Description [Serva ICPL(TM) post-digest, 5o all N-terms are lat|

Method | Protocol | Component | Report Ratio | Integration | Quality | Outliers | Mormalisation

Component

Components:
Property light Action
Component
Modification groups  Exclusive group 1 ((Delete ) [ add Maodification Group 1
Correctons
Help Windaow
&) Done & Local intranet
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For each method, a tabbed dialog is used to navigate between property pages. In many
cases, the property pages correspond to XML elements, but sometimes elements have been
combined onto a single page or split across multiple pages so as to give a balanced layout.

Here, we can see a duplex ICPL method. The unlabelled and labelled components have

been called heavy and light, but you are free to choose your own names so as to make the
final report as clear as possible.

If we choose the heavy component, then click on the Modification group link
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Edit Quantitation Method:ICPL duplex post-digest [MD]

Modification group 'Exclusive group 1'

Action

~| [Delete

[1CPL:13CH(6) (N-term)

~| [Delete [ Add modification__|

[1ePLi13c8) ()
Unmodified

Lacal definitions

Add unmodified
Add local definition

Specificity for a group of modifications
fixed=Quantitative modification
variable=Non-guantitative modification

exclusive=A given peptide may carry one or the other set of modifications, but never a mixture of both
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We see that the heavy component corresponds to these two modifications. In this particular
method, the sample has been labelled after digestion, so the amino terminus modification is
found on every peptide. As you can see from the buttons on the right, a component can be
defined in terms of modified or unmodified residues or termini. A local definition is a
special modification defined within the quantitation method.

10
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Quantitation: Statistical procedures

Usually, identification and quantitation are performed at the peptide level. The Mascot result repart assigns the peptide
matehes to pratein hits, and the ratios for individual peptide matches are combined to determine ratios for the protein hits.
Testing for normality | The methods provided for calculating a protein ratio from a set of peptide ratios are median, average, or weighted average.
The standard deviation of the peptide ratios provides a measure of the uncertainty in the protein ratio,

Gutlier removal

P o Since we are dealing with ratios, the average is the geametric mean and the standard deviation is the geametric standard

deviation, which is a factar, In other wards, the confidence interval is obtained by dividing and multiolying the average by the
significant changes | standard deviation, which is never less than 1.0, For example, if the average is 0,91 and SO(gen} is 1,06 then the confidence

interval is 0.86 to 0.96.

Overvign

Repai e Ratios for peptide matches are only reported if various quality criteria are fulfilled, the most important being:

Canfiguration

Peptide modification state

Minimum precursar charge, (default 1)

Strength of the peptide match, defined in terms of sither @ minimum store, a maximum expect value, or the score being
at or above either the identity threshold or the homelagy threshold, (default: masimum expert of 0,05)

« Method specific criteria, such as a minimum number of fragment ion pairs for multiplex

Statistical procedures

Reportar protocal

Pracursor protocel

Multiplex protocal

Replicate protocol | 4 ratio for a protein hit is anly reported if the minimum number of peptide matches, is achieved, (default 2). 4 standard
e deviation is only reported if the ratios for the peptide matches are consistent with a sample from a narmal distribution

Auerage pratacol

Testing for normality

Testing for autliers and reparting a standard deviation for the protein ratio can only be performed if the peptide ratios are
consistent with a sample from a normal distribution, (in log space). If the peptide ratios do not appear to be from a normal
distribution, this may indicate that the values are meaningless, and something went systematically wrong with the the
analysis. On the ather hand, it may indicate something interesting, like the peptides have been mis-assigned and actually
come from two proteins with very different ratios, so that the distribution is bimodal.

Shapiro-wilk W test

&] Done B Internet

MASCOT : Quantitation © 2007 Matrix Science {sﬂgﬁgﬁg

We have taken trouble to ensure that appropriate statistical procedures are correctly used.
For example, we test that a set of peptide ratios is consistent with a normal distribution
before rejecting outliers or reporting a standard deviation. Standard deviations are always
geometric, because we are dealing with ratios that conform to a normal distribution in log
space.
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emPAI quantitation offers approximate, label-free, relative quantitation of the proteins in a
mixture based on protein coverage by the peptide matches in a database search result. This
approach was developed by Ishihama and colleagues



Quantitation - emPAl

*Very simple

M,

absarvad

emPAL =10 ]
-Very approximate
e Many assumptions in N y.rveq @nd N
«‘Always on’

observable

1. PPE1_HUMAN Mass: 58259 Score: 452 Queries matched: 17 emPAI: 1.04
Llkaline phosphatase, placental type precursor [(EC 3.1.3.1] (PLAP-1) (Regan isozyme) — Homo sepiens

[Jcheck to include this hit in error tolerant search

Query Observed Mr{expt) Mricale) Delta Miss Score Eupect Rank Peptide
27  462.6807 923.3468 923.5116 -0.1649 O 33 0.25 1 R.FPYVALSK.T
41 517.1760 1032.3375 1032.5604 —-0.2229 0 7L 6.4e-05 1 R.GSSIFGLAPGK.A
52 564.6804 1127.3463 1127.5764 —-0.2301 O 9 1.2e+02 1  R.GFFLEVEGGR.I
MASCOT . Quantltatlon © 2007 Matrix Science {;‘CYEIVCE

It is very simple. It is also very approximate, because there are many arbitrary assumptions
in the way that the number of observed and observable peptides are calculated.
Nevertheless, Ishihama’s paper shows that it can be a useful guide to relative amounts.
emPAI doesn’t require a label or special data processing, so it is always reported in a
standard Mascot results report, as long as the number of MS/MS spectra is at least 100

13
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Multiplex is quantitation based on the relative intensities of sequence ion fragment peaks
within an MS/MS spectrum. This approach, developed Zhang and Neubert, can be used with
any chemistry that labels one peptide terminus and has a reasonably small mass shift.
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This diagram, copied from the MCP paper, illustrates how it works. On the left, we have
conventional quantitation; the ‘precursor protocol’ in Mascot terms. This requires the
precursor intensity for each component to be integrated across its elution profile. In the case
of the multiplex protocol, the MS1 transmission window is set wide enough to allow both
components through simultaneously, giving a mixed MS/MS spectrum. The relative
amounts can be measured from the sequence ions that include the labelled terminus. If the
label is on the carboxy terminus, we see the ratios in the y ions.

15



Quantitation - multiplex

Requirements:
«Label confined to one peptide terminus
e.g. 180, or SILAC at K or R with trypsin

¢« MS1 transmission window must be ~ flat over the
label delta

«Heavy and light pair must be ‘isolated’ in survey
scan

«Heavy and light must ~ co-elute
 Label must not affect fragmentation kinetics
« Tough to extend to more than 2 components.
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The multiplex method has the potential to give excellent precision, because each ratio is
represented by multiple sequence ion pairs. On the other hand, the ratio will only be
accurate if several constraints are met.

16



Peptide Summary Report (SILAC example: NG108-EphB2 from Zhang and Neubert) - Microsoft Internet Explorer
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8. HNEPU_HUNAN Mass: 00423 Score: 130 Queries matched: 4
Heterogeneous nuclear rikonuclecprotein U (hoRNP U) (Scaffold attachwment factor A)

[J Check to include this hit in error tolerant search

Quantitation: Ratio Weighted W SD{geo)
Heavy/Light 0.794 2 1.021
Query Observed Mr(expt) Mr(calc) Delta Miss Score Expect Rank Heavy/Light
32 692.2000 1382.3854 1387.7113 -5.3258 O 37 3.1 1 -
34 694.6700 1387.3254 1387.7113 -0.3858 0 (17) 3.2e+02 1
51 824.9751 1647.9357 1652.8577 -4.9220 0 (100} 1.3e-06 1
52 827.4146 1652.8147 1652.8577 -0.0431 0 104 5.5e-07 1
9. EPHEZ_HUMAN ~ Mass: 117417  Score: 130 Queries matched: 2

Ephrin type-B receptor 2 precursor (EC 2.7.10.1) (Tyrosine-protein kinase receptor

[Jcheck to inelude this hit in error tolerant Search

Quantitation: Ratio Weighted N SD{geo)
Heavy/Light 10.512 2 1.054

Query UObserved Mr{expt) Mr(calc) Delta Miss Score Expect Rank Heavy/Light
13 571.1036 1140.1927 1139.6282 0.5645 0 63 0.0092 1 10.341
21 620.9648 1239.9150 1239.6343 0.2807 O 26 a5 1
53 837.9240 1673.6335 1672.9277 0.9056 O 43 0.69 1 11.304
&5 1124.9100 2247.8054 2247.1042 0.7012 O 17 1.8e+02 1 -

Proteins matching the same set of peptides:

EPHEZ_MOUSE ~ Mass: 110668  Score: 130 Queries matched: 2

Ephrin type-B receptor 2 precursor (EC 2.7.10.1) (Tyrosine-protein kinase reseptor
<

(SAF-4) (p120) ¢

Peptide

K.YHILGTHTIMDK.M + 13C6 WL K (C-t
K.YHILGTHTIMDK.M + 13C6 WL K (C-t
R.FFILDQTHYSABAQR.R + 13C6 WL R (
R.FFILDQTHVSAAAQR.R + 13C6_HL_R (

EPH-3] (DRT] (Re

Peptide

K.FGQIVHILDK.M + 13C6 WL K (C-tem
R.WIAPEATQYR.K + 13C6_WL_R (C-ten
K.AMAPLSSGINLPLLDR.T + 13C6 WL R
R.TIPDYTSFHTVDEWLEATK.M + 13C6 HL

EPH-3] (Neural X v
|

|

&) Done

@ Internet
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This is an example using a dataset courtesy of Zhang and Neubert. The instrument was an
ion trap and the label is 13C(6) SILAC on K and R. If we look at one of the spectra from the

Ephrin peptides

17
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Feund in EPHB2_HUNAN, Ephrin type-B receptor 2 precurser (EC 2.7.10.1) (Tyrosine-protein kinase receptor EPH-3) (DRT) (Re

WMatch to Query 13: 1140, 192688 from(571.103620,2+) intensity(36726953 0000)
Title: 1686: Surm of 2 scans in range 2586 (1=4336.88) to 2591 (r=4344 89) [T Docs\QuantitationMultiplerga_050905_py1_07 RAW]
Data file UDocs\Quantitation Multiples\ga_050905_py1_07 mgf

Click mouse within plot area to zoom in by factor of two about that point
O, [_Plotfiom | [500 | o |a00 |Da  [Fullrange |

46

yeh

(153

- bOG7) KT

4—-woe
[ yE)-6
-6
- hoca
| -bea

|
U T
=00 600 700 800 900

Monoisotopic mass of neutral peptide Mr(calc): 1139.6282
Variable modifications:

C-term : 13C6 NL_K (¢-term K}, with neucral losses 0.0000(shown in teble), 6.0201
Tons Score: §3 Expect: 0.0092

Matches (Bold Red): 25/142 fragment ions using 36 most intense peaks

&) Done B Internet
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We can see that the heavy component has been strongly up-regulated
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Found in HNRPU_HUMAN, Heter

neous nuclear rib
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Match to Query 51 1647 935728 from(824.975140,2+) intensity(46809850 0000)
Title: 1708: Sum of 2 scans in range 2626 (1=4357.85) to 2631 (ri=4405.51) [U\Docs\QuantitationMultiplexga_050905_py1_07 RAW]
Data fils UDocs\QuantitationMultiplexiga_050905_py1_07 mgf

Click mouse within plot area t zo0m in by factor of two about that point
Or, [ Plot from | |aoo |0 [1100 |Da [ Fullrange |
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Y
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|
1000 1040 1060

Monoisotopic mass of neutral peptide Mr{cale}: 1652.8577

Variable modifications:

C-term : 13C6_NL_R (C-term R}, with neutral losses 0.0000(shown in table), §.0201
Ions Score: 100 Expect: 1.3e-0§

Matches (Bold Red): 46/224 fragment ions using 50 most intense peaks

. llm‘m}.u_
B00 §do 580

&) Done B Internet
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In contrast, this is a spectrum from ribonucleoprotein, which is close to 1:1. This spectrum
illustrates the importance of selecting sequence ions that are not overlapped by interfering
peaks. In this case, the y(10) pair has to be discarded because the light component coincides
with the b(9) ion.
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One of the complications of any type of isotope labelling is isotope impurity. It is rarely
possible to get 100% enrichment. In the Mascot quantitation schema, this is described by a
correction element. An ‘impurity’ correction works "downwards". That is, in this 180
method, some of the intensity of peptides labelled with the 180 label will appear at lower
mass values because the heavy water is only 95% enriched. A second type of isotope
correction, ‘averagine’, works “upwards”. This describes how some of the intensity will be
found at higher mass values because of the natural abundances of heavy isotopes. An
averagine correction only matters when the mass delta is small, as in the case of 180
labelling.
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A third type of isotope correction is used in iTRAQ, where the correction factors are
obtained experimentally, by analysing the isolated reagents. This combines both upward
and downward corrections for labels which have complex, multi-isotope compositions
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In data processing terms, the reporter protocol is one of the simplest. However, we did find
that the peak list exported from the 4000 series data system or submitted to Mascot from
GPS Explorer did not have the correct peak areas for the reporter ions. The numbers are
different from those used within GPS Explorer for quantitation. We have had to write our
own application to export a suitable peak list from the Oracle database. We’ve released this
utility, called TS2Mascot, as freeware, and you can download it from our web site.

So, for iTRAQ, we could launch TS2Mascot and choose Mascot Search ...
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SCIENCE.

Which brings up the search form. We choose an appropriate quantitation method. We don’t
need to specify the iTRAQ modifications or the cysteine alkylation, because these are pre-
defined in the quantitation method. Submit the search...
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And back comes the report. At the top is a summary of the protein ratios. In this example,
the method asks for ratios to 114, but you have total flexibility. You can edit the
quantitation method to report two pairs, e.g. 115/114 and 117/116, or something more
complex, like ratios to the sum of all four channels. Note that you can’t do this if you are
using our public web site, because this is a shared resource, so you don’t have access to the

configuration editor.
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If you wish, you can display ratios for individual peptides. The reason there is no standard
deviation for the 117/114 ratio is that it failed the normal distribution test. As you can see,
the individual peptide ratios have quite a scatter. One thing you have to be very careful with
is peak detection. Reporter ions do not have a natural isotope distribution, so anything that
expects this, like Mascot Distiller, will not be reliable. Definitely advisable to experiment
with the peak picking conditions.
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Finally, I can reassure you that we are hard at work on the final piece of the jigsaw, the
Quantitation Toolbox for Mascot Distiller.



