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“Electrospray Wings for Molecular Elephants”

John B. Fenn (1917-2010), Nobel lecture 2002
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”Native MS is a particular approach based on electrospray

ionization, whereby the biological analytes are sprayed

from a nondenaturing solvent”

The term describes the biological status of the analytes in 

solution, prior to the ionization event analytes in solution.”



• Levels of protein structure:

– Primary, secondary, tertiary, quaternary, (quinary)

• Conventional ”denaturing” mass spectrometry

• Native mass spectrometry
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Xylose isomerase tetramer:

Exp.  173 129 ± 12 Da

Calc. 173 104 Da for

4  monomer + 8  Mg2+

Denaturing conditions

(acetonitrile/water 50:50 v/v + 1% acetic acid)

”Native” conditions:

(10 mM NH4OAc, pH 6.9)

Jänis, J et al. J. Mass Spectrom. 2008, 43: 1376-1380.
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Heck AJR, Nature Methods 2008, 5:927 Hopper JTS & Robinson CV, ACIE 2014, 53:14002



Electrospray ionization (ESI)
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Charge residue model for 

large protein ions in ESI
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 Complicated, multi-phased process

 A droplet srinkage by evaporation, until the electric field exceeds
surface tension (a Rayleigh limit); 

q2 ≤ 8 20 R3, 
q = droplet charge, 0 = solvent permittivity,  = surface tension

R = droplet radius

Kebarle P & Verkerk UH, Mass Spectrom. Rev. 2009, 28: 898–917. 
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Electrospray ionization (ESI)
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The advent of native MS
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Ganem B, JACS 1991, 113, 6294-6296

”The newly developed technique of ion-spray (pneumatically

assisted electrospray) MS forms gas-phase macromolecular

ions directly from solution…

… suggesting that noncovalent molecular association 

complexes might be detectable.

The advent of native MS
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Largest native MS complex

todate

The largest biomolecular assembly recorded to date with native MS: An 

18-MDa viral capsid of the bacteriophage HK97 

Snijder et al, Angewandte Chem. Int. Ed. 2013, 52: 1–5

Intact HK97 capsids measured in 12.5 mM ammonium acetate (pH 7) having a collision voltage of 

500 V in the desolvation region of the ESI source with Xe as the collision gas. 



Charge state distribution (CSD)
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• ESI of polypeptides gives rise to multiply-charged ions

[M + nH]+, where n = 1,2,3… 

– Average <n> depends on polypeptide sequence & conformation

 CSD is dependent on relative proton affinities of amino acid

residues; thus, it is not easy to predict max. and av. charge state

Charge state distribution (CSD)
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Protein ion CSD: a probe

for polypeptide conformation
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Native or not?

Dog dander allergen Can f 2



Charge state distribution (CSD)

17De La Mora, F. Anal. Chim. Acta, 2000, 406: 93-104.



18Kaltashov I. A. and Mohimen, A. Anal. Chem. 2005, 77: 5370-5379

Charge state distribution (CSD)
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Kaltashov I. A. and Mohimen, A. Anal. Chem. 2005, 77: 5370-5379

Empirical relation:

zaverage = 0.0202 × SASA (Å2)0.6715

SASA = solvent accessible surface area

R2 = 0.9930 

Charge state distribution (CSD)



Monitoring conformational

changes by CSD analysis

pH 7.4

pH 4.0

pH 3.5

pH 4.5

pH 2.5

Acid-induced unfolding of myoglobin: 

A–E, holo-Mb;  F–J: apo-Mb 
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Konermann et al. JASMS 1995
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Geobacillus sp. deoxyribose-phosphate aldolase (DERA)

Different structural states of DERA are resolvable

dimer

folded

monomer

unfolded

monomer

trimer

Courtesy of Johan Pääkkönen

protein concentration 17 µM

Kd ~ 0.6 µM (for dimer)

PDB ID: 6Z9J
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Laitaoja M, et al. Protein Sci. 2016, 25:  572-586.

Metalloproteins:

SAP30L zinc finger domain

Solution NMR structure, 

PDB: 2N1U

Acid-denatured

Zinc-chelated

Native

H2O2-oxidized
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Laitaoja M, et al. Protein Sci. 2016, 25:  572-586.

Metalloproteins:

ESI FT-ICR MS of SAP30L
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Metalloproteins: rabbit liver 

metallothionein

Desalted rabbit liver extract MT-Zn7 measured in 20 mM NH4AOc (pH 7) + 20 mM DTT 

shows broad peak distribution of several overlapping species
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Fully demetallated (1 mM 1,10-FEN) rabbit MT shows presence of 9 different proteoforms!

MT form m/z  (5+)
massm.a., 

(Da)
Amino acid Composition Molecular Formula

Ac-MT-2a 1225.8 6124.2010 Ac-M1D3P3N2C20S8A9T3G4K7Q1I1 C226H382N72O84S21

MT-2a 1217.4 6082.1909 M1D3P3N2C20S8A9T3G4K7Q1I1 C224H380N72O83S21

Ac-MT-2b 1230.0 6145.2120 Ac-M1D3P2N1C20S9A6T4G4K8E1Q1I1 C226H385N71O86S21

Ac-MT-2c 1231.8 6154.2120 Ac-M1D3P3N2C20S8A8T4G4K7Q1I1 C227H384N72O85S21

MT-2c 1223.4 6112.2010 M1D3P3N2C20S8A8T4G4K7Q1I1 C225H382N72O84S21

Ac-MT-2d 1243.8 6214.2810 Ac-M1D3P2N1C20S9A7T3G3K8E1Q1I1R1 C229H392N74O85S21

Ac-MT-2e +)1249.0 6240.3330 Ac-M1D3P2N1C20S8A7T3G3K8Q1I1E1R1L1 C232H398N74O84S21

Metalloproteins: rabbit liver 

metallothionein

Manuscript in preparation



Protein–ligand interactions:

Bidning affinity by ESI-MS
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• Example: Determination of binding constants for antibody fragment–

trisaccharide complexes by direct ESI-MS analysis

Good agreement between ESI-MS (gas-phase) 

and ITC (solution)!

W. Wang, E.N. Kitova and J.S. Klassen. Methods Enzymol. 2003, 362



Protein–ligand interactions:

Bidning affinity by ESI-MS
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Thangaraj S et al Quantitation of thyroid hormone binding to anti-thyroxine antibody Fab fragment

by native mass spectrometry. ACS Omega 4 (2019) 18718-18724.

Ligand binding preference and cross-reactivity of anti-thyroxine antibody

Fab fragment

T4

T3

T2

TXB, 
X = Cl, Br, I

Bisphenols



Protein–ligand interactions:

Bidning affinity by ESI-MS
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Thangaraj S et al Quantitation of thyroid hormone binding to anti-thyroxine antibody Fab fragment

by native mass spectrometry. ACS Omega 4 (2019) 18718-18724.



Protein–ligand interactions:

Anti-T4 Fab fragment
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Thangaraj S et al Quantitation of thyroid hormone binding to anti-thyroxine antibody Fab fragment

by native mass spectrometry. ACS Omega 4 (2019) 18718-18724.

100 nM Fab

Kd (T2) = 260 ± 16 nM

Direct ligand titration of anti-thyroxine antibody Fab fragment with 3,3’-

diodo-L-thyronine (T2) – a reference ligand
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Thangaraj S et al Quantitation of thyroid hormone binding to anti-thyroxine antibody Fab fragment

by native mass spectrometry. ACS Omega 4 (2019) 18718-18724.

Thyroxine (T4) Tetraiodobisphenol A

Protein–ligand interactions:

Anti-T4 Fab fragment

Ligand competition experiments



Rouvinen, J., Jänis J., et al. PLoS ONE 5 (2010) e9037.

BLG dimer (X-ray structure)

Native-MS of bovine beta-lactoglobulin at two concentrations: blue = monomer, red = dimer

Transient homodimerization –

β-lactoglobulin (Bos d 5) 
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Transient oligomerization –

zebrafish avidin

32Taskinen B., et al. PLoS ONE 8 (2013) e77207.

No ligand (biotin):

Monomer & dimer

With ligand (biotin):

Tetramer

With ligand (biotin) + high salt:

Tetramer

No ligand, high salt

Tetramer

X-ray structure of zebavidin

tetramer

(PDB entry 2UYW)



Transient oligomerization –

hydrophobin

33Kallio JM et al., Chem. Commun. 2011, 47, 9843-9845

M = monomer

D = dimer

Tr = trimer

Te = tetramer



Larger protein complexes with

native ESI FT-ICR MS 
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Native MS of light-sensitive plant phytochrome



Larger protein complexes with

native ESI FT-ICR MS 
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Native MS of light-sensitive plant phytochrome

Pr dimer

168964.5 Da

Pr tetramer

338146 Da
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Largest macromolecular complexes

with native ESI FT-ICR MS

GDH

GroEL

B-Gal 1.86 MDa

mcritical = 1.20607 × 107 zB2d2/(Vtrapα)

Since B = 15 T, a = 0.06 m, α = 2.8404, for Vtrap =  1.0 V, mcritical

∼3.43 MDa (If zCRM = 144, ion is detected at m/z 24,000)

IRMPD of B-Gal 6-mer



Combining ion mobility with

native MS

Unpublished results 37



Combining ion mobility with

native MS

38

Lanucara F et al. The power of ion mobility-mass spectrometry for structural characterization 

and the study of conformational dynamics, Nature Chem 2014, 6: 281–294 



How to perform native MS?
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• Important considerations
– Volatile buffers only (1-1000 mM ammonium acetate or ammonium 

bicarbonate, pH by formic/acetic acid or ammonia)

– Extensive desalting and detergent removal needed

– Fine tuning of instrument parameters to avoid unfolding/complex

dissociation and to maintain efficient desolvation, on the other hand

– Designing experiments: appropriate protein/ligand concentrations



Native MS on Bruker Solarix

FT-ICR instrument
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Critical parameters to tune
- Skimmer 1 & 2, Ion funnel 1 & 2

- Collision cell DC offset and RF frequency, 

ion accumulation time (D10), collision gas

- Drying gas temperature & pressures

- Capillary exit

Critical parameters to tune
- Transfer optics RF frequencies & 

amplitudes

- Time-of-flight (P2)

ESI source
- Conventional

- NanoESI

- Microchip
Critical parameters to tune
- Trapping voltage

- Excitation power



Agreement between solution

and gas-phase?
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Wyttenbach & Bowers, J. Phys. Chem. B 2011, 115, 12266–12275



Thank you!



The info in this presentation 

reflects the views only of the 

author, and the Commission 

cannot be held responsible for any 

use which may be made of the 

info contained therein.
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