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Native MS and Ion Mobility: Concept

Concept: non covalent interactions are maintained in the gas-phase
• Use of MS compatible buffer 
• Transfer of high-MW species
• Balance between transmission and dissociation

Hilton and Benesch, 2012 J R Soc Interface
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Native MS and Ion Mobility: Timeline

non-covalent interaction between receptor 
FKBP and ligands

Lot of dissociation but: * specificity 
* relative affinity

Ganem et al, 1991 JACS

pH 7.5
1.6 eq

4/49

First ternary complex:
dimer of HIV-protease
+ inhibitor
Dissociation at higher
voltage

Baca and Kent, 1992 JACS

Katta and Chait 1991 JACS

Horse myoglobin + heme
ESI Non-cov MS

1985 2020
1991

2002
Nobel Prize



Rostom et al, 2000 JACS

30S E.coli ribosome
852 kDa

Rostom and Robinson, 1999 JACS

Human TTR 
56 kDa

GroEl
804 kDa

Rostom and Robinson, 
1999 Curr Opin Struct Biol

Native MS and Ion Mobility: Timeline
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Sharon and Robinson, 2007 Annu Rev Biochem

ESI RibosomesNon-cov MS

1985 20202000
1991

2002
Nobel Prize



Laganowsky et al, 2012 Nature Protocol
Sobott et al, 2002 Anal Chem

Native MS and Ion Mobility: Timeline
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ESI
High-Mass Q-TOF

RibosomesNon-cov MS

1985 20202000
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2002
Nobel Prize



Native MS and Ion Mobility: Timeline

Waters

Agilent
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ESI

Synapt
High-Mass Q-TOF

Ribosomes
IM6560

Non-cov MS

1985 20202000
1991

2002
Nobel Prize 2006 2014



Marcoux and Robinson, 2013 Structure

Native MS and Ion Mobility: Timeline
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Marcoux and Robinson, 2013 Structure

Barrera et al, 2008 Science

Native MS and Ion Mobility: Timeline
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Marcoux and Robinson, 2013 Structure

Wang et al, 2010 PNAS

Native MS and Ion Mobility: Timeline
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Marcoux and Robinson, 2013 Structure Zhou et al, 2011 Science
Schmidt et al, 2013 Nature Communications

Native MS and Ion Mobility: Timeline
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Marcoux and Robinson, 2013 Structure
Marcoux et al, 2013 PNAS

Native MS and Ion Mobility: Timeline
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Marcoux and Robinson, 2013 Structure
Housden et al, 2013 Science

Native MS and Ion Mobility: Timeline
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Rose et al, 2013 Nature Methods Marcoux et al, 2015 Protein Science

Native MS and Ion Mobility: Timeline
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Belov et al, 2013 Anal Chem

Native MS and Ion Mobility: Timeline

Gault et al, Nature Methods 2016

Mehmood, Marcoux et al, Nature Chemistry 2016
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Native MS and Ion Mobility: Timeline

ESI

Synapt
High-Mass Q-TOF

QexEMR

Ribosomes
IM6560

EMR Orbi.Non-cov MS Mb. Prot.

Van de Waterbmeed et al, 2017 Nature Communication

Ultra High Mass Range Q-Exactive Orbitrap

UHMR
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1985 20202000 2016
1991

2002 2008
Nobel Prize
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2006 2014



Native MS and Ion Mobility: Timeline

Select Series
Cyclic IMS 
(Waters)
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ESI
High-Mass Q-TOF

Ribosomes
IM6560

EMR Orbi.Non-cov MS Mb. Prot. UHMR

1985 20202000 2016
1991

2002 2008
Nobel Prize

2013
2006 2014 2018

Cyclic IMS
QexEMR



Native MS and Ion Mobility: Output

Hilton and Benesch, 2012 J R Soc Interface

50% ACN 0.1% FA

200 mM AmAc pH 7 200 mM AmAc pH 7
+ 10% isopropanol

Solution phase dissociation

Gas phase dissociation

Output:
• Oligomeric state & subcomplexes
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Andersson et al, 2009 JBC

Sharon et al, 2009 Structure

Native MS and Ion Mobility: Output
Output:
• Oligomeric state & subcomplexes
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Output:
• Oligomeric state & subcomplexes
• Ion mobility and modeling

Native MS and Ion Mobility: Output
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Hall et al, Structure 2012

25% butanol

Pukala et al, 2009 Structure
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15+ 15+

14+14+

5.5 h

20 h

56 h

70 h

Native MS and Ion Mobility: Output 

Marcoux et al, 2015 EMBO Mol Med

Light WT mixed with heavy S52P 
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Output:
• Oligomeric state & subcomplexes
• Ion mobility and modeling
• Dynamics
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Native MS and Ion Mobility: Output 

Liu et al, JASMS 2011

β-lactoglobulin interacting with different fatty acids

Small molecules, lipids, sugars, peptides, DNA, RNA…

Output:
• Oligomeric state & subcomplexes
• Ion mobility and modeling
• Dynamics
• Ligand binding
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Native MS and Ion Mobility: Output 
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Output:
• Oligomeric state & subcomplexes
• Ion mobility and modeling
• Dynamics
• Ligand binding / Getting Kds

Kitova et al, JASMS 2012
El Hawiet et al, Biochemistry 2012

Limited to : 
0.05 < R < 20 and 
0.1 µM < [P] & [L] < 1 mM
So  1 µM < Kds < 100 nM



Equilibrium titration:
0.25 to 1.6 equivalents of ligand

Timecourse
0 to 15 min

Native MS and Ion Mobility: Output 
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Native MS and Ion Mobility: Output 

Hyung et al, 2009 Chem Biol

Laganowsky et al, 2014 Nature

Landreh et al, 2017 Nature Communications
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Output:
• Oligomeric state & subcomplexes
• Ion mobility and modeling
• Dynamics
• Ligand binding
• Colision Induced Unfolding
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Need of a volatile buffer, most of the time ammonium acetate 
20 mM to 1 M / pH 5 to 9 equilibrated with formic acid or ammonium hydroxide

Any kind of buffer exchange: membrane concentrators, SEC (benchtop or FPLC), dyalisis…

Hernandez and Robinson, 2007 Nature Protocol

10 mM Tris

10 mM HEPES

Native MS and Ion Mobility: Bench
Challenges and Modifications / sample preparation



Native MS of Recombinant Proteins from Crude Cell Lysates

Gan et al, 2017 Anal Chem

Native MS and Ion Mobility: Perspectives
27/49



     

4.00 4.20 4.40 4.60 4.80 5.00 5.20 5.40 5.60 5.80 6.00 6.20 6.40 6.60 6.80 7.00 7.20 7.40 7.60 7.80 8.00 8.20 8.40

4.00 4.20 4.40 4.60 4.80 5.00 5.20 5.40 5.60 5.80 6.00 6.20 6.40 6.60 6.80 7.00 7.20 7.40 7.60 7.80 8.00 8.20 8.40

      
 

      
 7.34

3353.53

   
 6.12

6147.79

      
 

Native MS and Ion Mobility: Bench
Nano ESI:  Lower sample consumption (2 µl at ~1-100 µM/needle)

Better sensitivity (ionization efficiency)
Better salt tolerance/desolvation (less adducts)
Room temperature, no solvent necessary

1-5 µm orifice

Or purchased and used with a chip-based robot

Borosilicate micro-pipettes or “needles” pulled manually and coated with gold

ESI:  SEC coupling

ADH 4-mer
147 kDa

ADH 1-mer
38 kDa
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Alternatives to CID: Surface Induced Dissociation
Parent ions are targeted at a surface and daughter ions are analysed
• Transfer of high average internal energy (significant portion of the incident 

kinetic energy)  / fast (ps) single step activation process
• Especially useful for big ions, hard to fragment in CID

Zhou et al, 2013 Anal Chem

Native MS and Ion Mobility: Perspectives
29/49



Native MS and Ion Mobility: Perspectives
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Chorev et al, 2018 Science

Protein assemblies
ejected directly

from native membranes

E.Coli outer membrane vesicles

Bovine mitochondrial inner membranes



Top-Down MS: Concept

Concept: MSMS analysis of entire proteins
• High resolution Orbitraps
• CID, ETD, ECD, EThcD, SID, IRMPD…

Parra et al, 2017 Sci RepCarel et al, 2017 PNAS
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Top-down MS: Timeline

Loo et al, PNAS 1992
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ESI

1985 2020
1992

2002
Nobel Prize

Ubiquitin MSMS



isoformsproteoforms digestion 

Bottom-up 

Tryps.

MSMS (CID)
origin of the 
fragments?

C18

MSMS (ETD) each isoform
generates a set of fragments

Top-down 

C4

Marcoux & Cianférani 2015 Methods

Proteoform: different molecular forms of a gene, including genetic variations, alternative 
splicing and PTMs Smith and Kelleher 2013 Nature Methods

Skinner et al, 2016 Nature MethodsMPC: Multi-Proteoform Complex

proteoform
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Top-down MS: Timeline

« top-down » proteoformESI

1985 2020
1999

2016
1992 2002

Nobel Prize 2013

MPCUbiquitin MSMS



discovery

1 043 gene products
>3 000 proteoforms

Tran et al, 2011 Nature

TDQ

Durbin et al, 2016 JPR
Ntai et al, 2014 Anal Chem

« top-down » proteoform
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Top-down MS: Timeline
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1985 2020
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2011
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2002
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Top-down MS: Output / Bench

Rowinpro

Gersh et al, 2015 Chemistry & Biology

5 µl of protein at 50 nM to 5 µM
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Top-down MS: Output / Bench
Proteome Discoverer (Prosight PD Top Down nodes)
Different search modes: Three-Tier Search

Absolute Mass Search (100 Da error window)
Biomarker Search
Absolute Mass Search (1000 Da error window)

Sequence coverage/Scoring in Prosight Lite 
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Native Top-down MS: Bridging the gap!

Durbin et al, 2014 Anal Chem
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discovery TDQ
« top-down » proteoformESI

1985 2020
1999

2016
1992

2013
2014

MPC

2011

Ubiquitin MSMS

2002
Nobel Prize

Native TD



Native Top-down MS: Bridging the gap!
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HDX-MS: Concept

www.hxms.com
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HDX-MS: Timeline

Dried insulin

Resuspended
in D2O

Frozen and
Lyophilised

Resuspended
In H2O 
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Density Deuteration

Hvidt and Linderstrom-Lang, 1956 Biochimica et Biophysica Acta Rosa and Richards, 1979 J Mol Biol

Use of pepsin to 
monitor peptides

The origins of HDX-MS (before MS)
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Zhang and Smith, 1993 Protein Science

Cytochrome c
12,4 kDa

Katta and Chait, 1991 RCMS

+ CH3OD

Ubiquitin (8,5 kDa)

95-104

Aldolase 4-mer
157 kDa

Zhang et al, 1996 Biochemistry Resing and Ahn, 1998 Biochemistry

hMAP kinase kinase
43,4 kDa
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HDX-MS: Timeline
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Mehmood et al, 2012 PAS Sowole et al, 2013 J Mol Biol

ClpP 14-mer 300 kDa
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HDX-MS: Timeline
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HDX module
Waters
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HDX-MS: Timeline
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LEAP Tech
Automation

Robot
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HDX-MS: Timeline
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DynamX software Waters
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HDX-MS: Output / Bench

HDExaminer software (Sierra Analytics)
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HDX-MS: Perspectives MDa assemblies

Lesne et al, 2020 Nature Communications
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Conclusions

Integrated Structural MS and Proteomics
or Structural Proteomics
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Mass Spectrometry for Structural Biology
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