
Data Independent Acquisition: Expanding the Scope of 
DIA Strategies for Quantitative Mass Spectrometry



We’re going to try to get some real time feedback 
from you…

https://goo.gl/Cho7iT

Just answer question 1 to start



How to go from here

Bruderer et al, (2015) MCP 3

DIA addresses missing data problem



How to go from here

Bruderer et al, (2015) MCP 4

to here?

DIA addresses missing data problem



Many more traditionally DDA focused groups are adopting DIA…



DIA: Beyond peptide quantification

 Gérard Hopfgartner: Small molecules
 Brian Searle: PTM
 Birgit Schilling: PTM 
 Isabell Bludau: Protein Complexes



• Switch presentations



PubMed query:
((proteom* OR protein) OR peptide) AND ("data independent acquisition" OR SWATH) 
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Technical / proof of concept studies

Faster instruments / smarter data analysis enable 
- More intense method development
- Practical implementations/applications

Development and application rate of DIA/SWATH



If you want learn more about DIA/SWATH

dia-swath-course.ethz.ch

Registration for this year is closed
but lecture videos will be 

posted late July 2018



Comments? Questions?



Analyzing PTMs with DIA
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MTORC1 vs MTORC2

• MTOR:S2448 TDpSYSAGQSVEILDGVELGEPAHKK (MTORC1)

• MTOR:S2481 KTGTTVPESIHpSFIGDGLVKPEALNK (MTORC2)
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MS/MS can be considered from 
multiple views
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?

mTOR phosphorylation state 
is complex

mTOR to MTORC1

S2448

TDpSYSAGQSVEILDGVELGEPAHKK



mTOR phosphorylation state 
is complex

?

mTOR to mTORC2

S2481?

mTOR to MTORC1

S2448

TDpSYSAGQSVEILDGVELGEPAHKK KTGTTVPESIHpSFIGDGLVKPEALNK



b5

y6

b5

y6

What is a positional isomer?

• Parent mass SAME

• A FEW fragmentation masses differ

• HPLC retention times MAY differ

IGEGpTYGVVYK (633.29 m/z)

IGEGTpYGVVYK (633.29 m/z)

versus

CDK1 pT14:

CDK1 pY15:



Zoomed out view of a phosphoproteome



Zoomed out view of a 
phosphoproteome



1 phosphopeptide
2 peaks not resolved

2.5 m/z
range

10 min
RT range



1 phosphopeptide
1 peak resolved
2 peaks not resolved

1 phosphopeptide
2 peaks not resolved

1 phosphopeptide
2 peaks resolved

2.5 m/z
range

10 min
RT range



Most phosphopeptides exist 
in multiple localization states
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Lawrence, Searle et al, Nat Methods. 2016; 13, 431–434.
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Number of Localized Forms

> 50% of singly phosphorylated 
peptides are observed in more 

than 1 state

< 50% observed 
in only one form



MS/MS

MS/MS

MS/MS

2.5 m/z
range

10 min
RT range



NO MS/MS!

NO MS/MS!

NO MS/MS!
2.5 m/z
range

10 min
RT range

MS/MS

MS/MS

MS/MS

Maybe MS/MS?



Precursor Signal for
AITGASLADIMAK + (p)

AIpTGASLADIMAK
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Many positional isomers elute within 60 seconds 
of each other
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Some peptides rearrange in the gas phase
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Some phosphopeptides don’t resolve 
chromatographically
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Unmodified peptides can masquerade 
as modified peptides
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Modified peptides share fragment ions
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“Localization” is a problem for 
homologous peptides too
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Conclusions

• Phosphopeptide positional isomers are 
surprisingly common

• DIA may be the only way to reproducibly 
analyze phosphopeptides

• Modifications (and sequence variants) with 
small mass shifts can cause false positives 
and serious over reporting in DIA
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DIA PTM II : Identification and Quantification
Birgit Schilling
June 4th, 2018 



Data-independent acquisitions (DIA) and PTM Challenge
• PTM-Isoform chromatography - co-elution ? 

• Typical DDA workflows use dynamic exclusion of precursor ions

• Site Localization within PTM-containing peptide

• Chimeric MS/MS spectra of isoforms

• PTM Crosstalk and DIA 

• PTM site occupancy is often low, particularly for minor isoforms and 
some species may never be selected for MS/MS in DDA workflows



Mitochondrial Sirtuins - Deacetylases, Acetyltransferases
and Metabolic Regulation



6 dietary regimens x [acute (2 wk) + chronic (10 wk)] = 12 conditions

Remodeling of the Mitochondrial Acyl-Proteome
• Protein expression changes
• Acetylation (after enrichment)
• Succinylation (after enrichment)

Diet stress: Diabetes, Metabolic Syndrome and Fatty Liver Disease

Mice Water
(2 wk)

Water
(10 wk)

Water + Glc
(2 wk)

Water + Glc
(10 wk)

Water + Fru (2 
wk)

Water + Fru (10 
wk)

Chow 5 mice 5 mice 5 mice 5 mice 5 mice 5 mice

HFD Chow 5 mice 5 mice 5 mice 5 mice 5 mice 5 mice

Challenge: How can we quickly, accurately, and comprehensively 
quantify changes in protein acylation?



DIA-
Umpire

A. Nesvizhskii



PIQED: Identification & Quantification of PTM using exclusively DIA

“PIQED: Automated PTM Identification 
and Quantification using Exclusively 
Data-Independent Acquisition”

Meyer et al., 
Nature Methods, 2017

Workflow for fast & accurate Quantification of PTM



PIQED Graphical User Interface



Mouse Diet Study - Workflow and Data Overview

Meyer, J.G., et al. in revision Cell Reports



1mg protein

peptides

mito isolation
trypsin digestion

MULTIPLE-PTM Affinity Enrichment – One Pot for PTM cross-talk

Combined affinity enrichment
Combination with PIQED

3-ketoacyl-CoA thiolase, mitochondrial
+++

+++

Basisty et al., in revision 2018 



GluC digestion

Chemical
per-acetylation,
Acetic anhydride-d6

K Ac K Ac

GluC digestion

Chemical
per-succinylation,
Succinic anhydride-d4

A B
KK

K SuK

K Ac

K K SuSu

Nano  reversed phase HPLC-MS
MS1 & SWATH-MS2  acquisition

+/- offline basic pH 
reversed phase 
separation

Nano  reversed phase HPLC-MS
MS1 & SWATH-MS2  acquisition

+/- offline basic pH 
reversed phase 
separation

K AcK Ac

K

Stoichiometry chemical labeling strategy and workflow 

Su

Su

Meyer et al, JASMS 2016
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Fragment XICs: 
heavy peptide
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• MS2 differentiating ions for light peptide in red
• MS2 differentiating ions for heavy peptide form in blue
• MS2 ions that are common in light and heavy peptide pair 

are in black (broken line)

• MS1 light: red
• MS1 heavy: blue

Only differentiating MS2 ions are 
used for occupancy calculations

Stoichiometry chemical labeling strategy and workflow
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Moving from quantitative protein matrices to 
system wide protein complex analysis 

ASMS DIA Workshop
Isabell Bludau



Proteins form multi-protein complexes

samples

pr
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Protein identification 
and quantification

• Functional Complementation

• CO-IP & Western-Blotting

• Affinity Purification & 

Mass Spectrometry

• Protein Correlation Profiling

Protein complex identification 
and quantification

Many proteins interact to 
perform specific functions

Different 
cellular 
functions



Complex 
fractionation
(SEC, IEX, …)

Protein correlation profiling

Bottom-up LC-MS/MS
+ Independent of genetic 

engineering
+ Multiple different complexes  can 

be analyzed simultaneously

Andersen et al. (2003), Dunkley et al. (2004), Foster et al. (2006)
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Complex 
fractionation
(SEC, IEX, …)

Protein correlation profiling

Bottom-up LC-MS/MS
+ Independent of genetic 

engineering
+ Multiple different complexes  can 

be analyzed simultaneously

Andersen et al. (2003), Dunkley et al. (2004), Foster et al. (2006)
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Established analysis strategy

1 0.9 0.8 0.9

0.9 1 0.9 0.1

0.8 0.9 1 0.2

0.9 0.1 0.2 1

Data properties:
• Profiles for thousands of proteins (5000)
• Limited peak capacity (20-30) 

Consequences:
• Random co-elution of proteins
• Limited selectivity and sensitivity
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Pairwise scoring ClusteringProtein correlation profiling

Scott et al. (2015), Wan et al. (2015)



Complex-centric proteome profiling by SEC-SWATH-MS

 SEC high resolution, 60-80 fractions, molecular weight calibration

CCprofiler

Heusel & Bludau et al. (2018 - bioRXiv)

 DIA/SWATH-MS highly complete quantitative matrix 

 Complex-centric analysis increased sensitivity and selectivity in protein complex detection

Prior information:
protein complex  DB

Fractio
nation

LC-MS/MS

fractions

Pr
ot

ei
n 

In
t.SEC

DIA/SWATH-MS



Complex-centric proteome profiling 
an extension of peptide-centric DIA analysis

Spectral library with 
specific peptide query 

parameters

C18 retention time
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Heusel & Bludau et al. (2018 - bioRXiv)



Complex-centric proteome profiling 
an extension of peptide-centric DIA analysis

Heusel & Bludau et al. (2018 - bioRXiv)

CCprofiler https://github.com/CCprofiler/CCprofiler/
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https://github.com/CCprofiler/CCprofiler/


Complex-centric proteome profiling by SEC-SWATH-MS

 SEC high resolution, 60-80 fractions, molecular weight calibration

CCprofiler

Heusel & Bludau et al. (2018 - bioRXiv)

 DIA/SWATH-MS highly complete quantitative matrix 

 Complex-centric analysis increased sensitivity and selectivity in protein complex detection

Prior information:
protein complex  DB
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Complex-centric proteome profiling by SEC-SWATH-MS

Heusel & Bludau et al. (2018 - bioRXiv)

Evidence for 572 out of 1753 
protein complex queries from 

CORUM (5% FDR)

FDR

TP
R

no co-elution 
evidence

145

101

326
co-elution 
evidence

Benchmark

HEK293 soluble proteome Detect and quantify hundreds 
of protein complexes



Complex-centric proteome profiling by SEC-SWATH-MS

Heusel & Bludau et al. (2018 - bioRXiv)

HEK293 soluble proteome
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apparent molecular weight [kDa]

SEC fraction number

monomers 26S proteasome
Subunits:

Proteasome assembly 
 Detect and quantify hundreds 

of protein complexes

 Investigate proteome 
modularity and assemby
intermediates



Complex-centric proteome profiling by SEC-SWATH-MS

Heusel & Bludau et al. (2018 - bioRXiv)

HEK293 soluble proteome
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Complex-centric proteome profiling by SEC-SWATH-MS

 Detect and quantify hundreds 
of protein complexes

 Investigate proteome 
modularity and assemby 
intermediates

 Detect and quantify dynamic 
changes in the complexome

gene names✓

✗

PRPF8 
splicing 
factor 

KD 

CAL51 soluble proteome
SMN Complex - involved in spliceosome biogenesis 

Bludau & Frank et al. (in preparation)



RNAseq based isoform information

Complex-centric proteome profiling by SEC-SWATH-MS

 Detect and quantify hundreds 
of protein complexes

 Investigate proteome 
modularity and assemby
intermediates

 Detect and quantify dynamic 
changes in the complexome

 Investigate proteoform 
specific complex assembly

Isoform A Isoform B

SEC fractions
Pe
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t.

Test distinct isoform integration into 
protein / complex elution features

Bludau & Frank et al. (in preparation)



Complex-centric proteome profiling by SEC-SWATH-MS

 Detect and quantify hundreds 
of protein complexes

 Investigate proteome 
modularity and assemby
intermediates

 Detect and quantify dynamic 
changes in the complexome

 Investigate proteoform 
specific complex assembly
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dimer

Bludau & Frank et al. (in preparation)

Pyruvate kinase (PKM)



Consistency of quantification Precision of quantification Performance in
complex-centric profiling

DDA-SpectralCountsDDA-MS1DIA/SWATH-MS2

FDR

TP

sibling peptide correlation
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minimum consecutive detections
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Complex-centric proteome profiling by SEC-SWATH-MS

Why DIA?

Heusel & Bludau et al. (2018 - bioRXiv)

Side-by-side DDA and DIA acquisition (AB Sciex TripleTOF 5600+)



Complex-centric proteome profiling by SEC-SWATH-MS

Challenges?

• Many fractions required for high 
resolution SEC profiles: machine time 
and work expensive

• Each fraction contains different subset 
of the proteome: highly heterogeneous 
dataset requiring cautious DIA scoring

Opportunities?

• Dynamic complex rewiring on 
proteome wide scale

• Analysis of isoform crosstalk between 
different splice variants and PTMs



Thank you for your attention!

Aebersold lab
• Ruedi Aebersold
• Moritz Heusel
• Max Frank
• Robin Hafen
• Ludovic Gillet
• George Rosenberger
• Matthias Gsteiger
• Ben Collins

External collaborators
• Vihandha Wickramasinghe
• Ashok Venkitaraman
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