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ESI-MS
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What Can ESI-MS Tell Us About
Protein Structure in Solution?

Gas phase structure = solution phase structure ?   Maybe.

� Use structurally sensitive labeling in solution
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Folding and Dimerization of S100A11



Folding and Dimerization of S100A11

ESI
Q-TOF

Anal. Chem. 75, 6408-6414 (2003)

unfolded protein (pH 2.4)

pH 8.5



Folding and Dimerization of S100A11
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Biochemistry 45, 3005-3013 (2006)

Folding Mechanism:

MonomerU � MomonerF � Dimer
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ESI Mechanism:
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Solvent Evaporation and Droplet Fission

+- -

e-
2 H2O � 4 H+ + 4 e- + O2

Anal. Chem. 73, 4836-4844 (2001) 



ESI Mechanism
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ESI Mechanism
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ESI Mechanism
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ESI Mechanism
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ESI Mechanism

Nemes, Marginean & Vertes
Anal. Chem. 79, 3105-3116 (2007)



ESI Mechanism: A Simple Model

Surface Tension Charge Repulsion



ESI Mechanism: A Simple Model
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J. Am. Soc. Mass Spectrom. 20, 496-506 (2009)

Activation energy barrier



ESI Mechanism: A Simple Model
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• Droplet becomes unstable at Rayleigh limit
• Filament is thin, offspring droplets are small
• Multiple offspring droplets are emitted
• Offspring droplets are highly charged
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ESI Mechanism: A Simple Model
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• Droplet becomes unstable at Rayleigh limit
• Filament is thin, offspring droplets are small
• Multiple offspring droplets are emitted
• Offspring droplets are highly charged
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... after several generations:
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MD Simulations of ESI Nanodroplets

J. Phys. Chem. B, 113, 7071-7080 (2009)



MD Simulations of ESI Nanodroplets
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Biochemistry 45, 3005-3013 (2006)

Allows detection of co-existing species
BUT:

Signal intensity µ concentration??



ESI Charge State Distributions

lysozyme

lyso-U 17+

lyso-F 10+
folded

unfolded

Intensity  ratio depends on
availability of charge!

lyso-U 17+

lyso-F 10+

800 1100 1400 1700
m/z

lyso-U 14+

13011302

1:1 mix

charge excess
1 mM, 5 mL min-1

R = 1.9

charge limiting
100 mM, 100 mL min-1

R = 7.0

Anal. Chem. 79, 2499-2506 (2007)
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Why Do Unfolded Proteins Show Higher Intensities?

PsPi

+ +

Small molecule studies reveal:
Partitioning according to surface activity / hydrophobicity 
Enke, Anal. Chem. 69, 4885 (1997)

� More intense signals for Ps (IEM or CRM)



Why Do Unfolded Proteins Show Higher Intensities?

charged / polar nonpolar

Unfolding exposes nonpolar sites
� increased surface activity

� enrichment in surface layer
� ionization efficiency is enhanced

Anal. Chem. 79, 2499-2506 (2007)
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Studying Protein Structure by ××××OH Labeling
� Solvent Accessibility

OH

OH

OH

OH

×OH

OH

J. Mass Spectrom. 43, 1021-1036 (2008)
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•OH labeling of holo-myoglobin (g-rays)

Oxidation causes
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Anal. Chem. 79, 6376-6382 (2007)

Oxidation causes
conformational changes!
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Solution:  Label protein with a single , short “pulse” of •OH
(Hambly and Gross, JASMS 2005)



Picture taken before bear noticed photographer’s presence



Picture taken after bear noticed photographer’s presence



KrF excimer laser
(18 ns pulses @ 248 nm)

Laser-Induced ××××OH Labeling

H2O2 � 2 •OH

protein

flow

H2O2

sample collection 
(catalase!),

digestion, LC/MS



Holo-Mb Unfolding Kinetics

reaction mechanism ?

acid



native protein

sample collection,
digestion, LC/MS

KrF excimer laser
(248 nm, 18 ns)

Holo-Mb Unfolding Kinetics
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KrF excimer laser
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Anal. Chem. 81, 20-27 (2009) 
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Holo-Mb Unfolding Kinetics
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Membrane Proteins
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Membrane Protein Unfolding
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HDX

Acid Quenching

Studying Protein Structure by HDX
� Hydrogen Bonding

Peptic Fragments

Analysis by
LC/ESI-MS

Pepsin Digestion at 0 °C



Studying Protein Structure by HDX

MRSA = multidrug-resistant Staphylococcus aureus



Studying Protein Structure by HDX

receiver domain
VraR
response regulator

linker

DNA binding domain

J. Mol. Biol. 391, 149-163 (2009)In collaboration with D. Golemi-Kotra



Studying Protein Structure by HDX
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Studying Protein Structure by HDX

J. Mol. Biol. 391, 149-163 (2009)

Deuteration 0-20%  20-40% 40-60% 60-80% 80-95% 95-100%



Studying Protein Structure by HDX

P

J. Mol. Biol. 391, 149-163 (2009)

� Dav (%):   0 to -11   -11 to -22   -22 to -70



HDX

Acid Quenching

Studying Protein Structure by HDX
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HDX

Acid Quenching Top-Down Fragmentation
in the Gas Phase

Studying Protein Structure by Top-Down HDX

Peptic Fragments

Analysis by
LC/ESI-MS

Pepsin Digestion at 0 °C

in the Gas Phase



HDX

Acid Quenching Top-Down Fragmentation
in the Gas Phase

Studying Protein Structure by Top-Down HDX

in the Gas Phase
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Collision -induced dissociation (CID) on a Q -TOF: slow heating

Studying Protein Structure by Top-Down HDX

Collision -induced dissociation (CID) on a Q -TOF: slow heating

Anal. Chem 80, 4078 (2008)
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CH C N CH C N CH C N CH COOHH2N
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Electron capture dissociation (ECD) on an FT -ICR MS: ultra -rapid cleavage

Studying Protein Structure by Top-Down HDX

Electron capture dissociation (ECD) on an FT -ICR MS: ultra -rapid cleavage

With Jun Han & Christoph Borchers (UVic)
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