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• Protein or RNA sequencing
• Modifications:
• Identification
• Location
• Relative quantification
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• NO isolation

• YES fragmentation

Two-dimensional FT-ICR 

MS
• All ions in a complex sample 

fragmented and visualised on 

one spectrum

M. van Agthoven et al., Anal. Bioanal. Chem. 405 (2013) 51. 

M. van Agthoven et al., Eur. Biophys. J. 48 (2019) 213.

• Horizontal axis: fragment m/z

• Vertical axis: precursor m/z

• Each peak corresponds to 

one fragmentation



Back to basics: Original Ion De-excitation Experiment

A.G. Marshall, T.C. Lin Wang, T. Lebatuan Ricca, Chem. Phys. Letts. 105 (1984) 233-236.

0°

De-excitation t

1.0 ms

No de-excitation

180°

Coherent excitation in the ICR cell
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Original Ion De-excitation Experiment

A.G. Marshall, T.C. Lin Wang, T. Lebatuan Ricca, Chem. Phys. Letts. 105 (1984) 233-236.

R ions = R of ICR cell

180° pulse

0°-180°
0°
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Original Ion De-excitation Experiment

Excitation voltage in phase with
ion motion: ions excited to higher radius

A.G. Marshall, T.C. Lin Wang, T. Lebatuan Ricca, Chem. Phys. Letts. 105 (1984) 233-236.

Excitation voltage in phase opposition with
ion motion: ions de-excited to center of ICR 
cell.
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2D MS Pulse Sequence

Pulse

Delay
(t1)

P. Pfändler, G. Bodenhausen, J. Rapin, M.-E. Walser, T. Gäumann, J. Am. Chem. Soc. 110 (1988) 5625-5628.
M. Bensimon, G. Zhao, T. Gäumann, Chem. Phys. Letts. 157 (1989) 97-100.
S. Guan, P.R. Jones, J. Chem. Phys. 91 (1989) 5291-5295.

Pulse
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Radius Modulation

P. Pfändler, G. Bodenhausen, J. Rapin, M.-E. Walser, T. Gäumann, J. Am. Chem. Soc. 110 (1988) 5625-5628.
M. Bensimon, G. Zhao, T. Gäumann, Chem. Phys. Letts. 157 (1989) 97-100.
S. Guan, P.R. Jones, J. Chem. Phys. 91 (1989) 5291-5295.

Phase = Frequency × Delay
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Radius Modulation

P. Pfändler, G. Bodenhausen, J. Rapin, M.-E. Walser, T. Gäumann, J. Am. Chem. Soc. 110 (1988) 5625-5628.
M. Bensimon, G. Zhao, T. Gäumann, Chem. Phys. Letts. 157 (1989) 97-100.
S. Guan, P.R. Jones, J. Chem. Phys. 91 (1989) 5291-5295.

𝑟𝑎𝑑𝑖𝑢𝑠 ∝ 2 1 + 𝑐𝑜𝑠 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 × 𝐷𝑒𝑙𝑎𝑦
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2D MS Pulse Sequence

Fragmentation

P. Pfändler, G. Bodenhausen, J. Rapin, M.-E. Walser, T. Gäumann, J. Am. Chem. Soc. 110 (1988) 5625-5628.
M. Bensimon, G. Zhao, T. Gäumann, Chem. Phys. Letts. 157 (1989) 97-100.
S. Guan, P.R. Jones, J. Chem. Phys. 91 (1989) 5291-5295.
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Fragments

P. Pfändler, G. Bodenhausen, J. Rapin, M.-E. Walser, T. Gäumann, J. Am. Chem. Soc. 110 (1988) 5625-5628.
M. Bensimon, G. Zhao, T. Gäumann, Chem. Phys. Letts. 157 (1989) 97-100.
S. Guan, P.R. Jones, J. Chem. Phys. 91 (1989) 5291-5295.

Radius Modulation

Phase = 180°
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No Fragments

P. Pfändler, G. Bodenhausen, J. Rapin, M.-E. Walser, T. Gäumann, J. Am. Chem. Soc. 110 (1988) 5625-5628.
M. Bensimon, G. Zhao, T. Gäumann, Chem. Phys. Letts. 157 (1989) 97-100.
S. Guan, P.R. Jones, J. Chem. Phys. 91 (1989) 5291-5295.

Radius Modulation

Phase = 360°
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Precursor-Fragment correlation

P. Pfändler, G. Bodenhausen, J. Rapin, M.-E. Walser, T. Gäumann, J. Am. Chem. Soc. 110 (1988) 5625-5628.
M. Bensimon, G. Zhao, T. Gäumann, Chem. Phys. Letts. 157 (1989) 97-100.
S. Guan, P.R. Jones, J. Chem. Phys. 91 (1989) 5291-5295.

Fragment abundance ∝ Precursor radius

Fragment abundance modulation = 
Precursor radius modulation
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2D MS Pulse Sequence

Excitation Detection

P. Pfändler, G. Bodenhausen, J. Rapin, M.-E. Walser, T. Gäumann, J. Am. Chem. Soc. 110 (1988) 5625-5628.
M. Bensimon, G. Zhao, T. Gäumann, Chem. Phys. Letts. 157 (1989) 97-100.
S. Guan, P.R. Jones, J. Chem. Phys. 91 (1989) 5291-5295.
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Frequency (kHz)

Precursor ion

Fragment ion

P. Pfändler, G. Bodenhausen, J. Rapin, M.-E. Walser, T. Gäumann, J. Am. Chem. Soc. 110 (1988) 5625-5628.
M. Bensimon, G. Zhao, T. Gäumann, Chem. Phys. Letts. 157 (1989) 97-100.
S. Guan, P.R. Jones, J. Chem. Phys. 91 (1989) 5291-5295.

Precursor-Fragment correlation
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First 2D FT-ICR Spectra

Ion-Molecule Reactions of CH4
+

P. Pfändler, G. Bodenhausen, J. Rapin, M.-E. Walser, T. Gäumann, J. Am. Chem. Soc. 110 (1988) 5625-5628.



P. Pfändler et al., J. Am. Chem. Soc. 110 (1988) 5625-5628.

First 2D FT-ICR Spectra

Ion-molecule reactions of CH4
+ (120×1k data points)



P. Pfändler et al., J. Am. Chem. Soc. 110 (1988) 5625-5628.

First 2D FT-ICR Spectra

Ion-molecule reactions of CHD3 (256×1k data points)



Further 2D FT-ICR MS Studies

Guan et al. J. Chem. Phys. 91 (1989) 5291-5295.

Ross et al. J. Am. Chem. Soc. 115 (1993) 7854-7861.

van der Rest et al. Int. J. Mass Spectrom. 210/211 (2001)  101-111.

Ross et al. Anal. Chem. 74 (2002) 4625-4633.



2D FT-ICR MS Renewal: Adaptation to IRMPD and ECD

van Agthoven et al. Int. J. Mass Spectrom. 306 (2011) 196-203.

van Agthoven et al. Anal. Chem. 84 (2012) 5589-5595. 

SPIKE: http://www.bitbucket.org/delsuc/spike

Chiron et al. arXiv.org, e-Print Arch., Phys., 1-13 (2016).

http://www.bitbucket.org/delsuc/spike


2D FT-ICR MS Renewal: Adaptation to IR-ECD

van Agthoven et al. Anal. Chem. 90 (2018) 3496-3504. 



2D FT-ICR MS Renewal: Adaptation to EID

Marzullo et al. Anal. Chem. 92 (2020) 11687-11695. 



2D FT-ICR MS Renewal: Pulse Sequence Optimisation and Data Processing

van Agthoven et al. Int. J. Mass Spectrom.  370 (2014) 114-124.

van Agthoven et al. Rapid Comm. Mass Spectrom. 25 (2011)  1609-1616.

Chiron et al. Proc. Nat. Acac. Sci.  111 (2014)  1385-1390.



2D FT-ICR MS Renewal: Non-Uniform Sampling

Bray et al. Ana. Chem.  89 (2017) 8589-8593.



2D FT-ICR MS Renewal: Narrowband Modulation

Halper et al. Ana. Chem. 92 (2020), 13945–13952



2D FT-ICR MS Renewal: Phase correction for Absorption Mode 2D MS

Halper et al. Molecules 26 (2021), 3388–3402



2D Mass Spectra

• Autocorrelation line = MS

ABBA → ABB
ABBC→ ABB

ABBA → BA
ABBC→ BC

• Fragment ion scan = 
MS/MS

• Precursor ion scan = 
all precursors that have 
the same fragment

• Neutral loss line = 
all precursors that lose the 
same neutral

M. van Agthoven et al., Anal. Bioanal. Chem. 405 (2013) 51. 

M. van Agthoven et al., Eur. Biophys. J. 48 (2019) 213.
27
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Dissociation Lines in 2D Mass Spectra

M. van Agthoven et al., Anal Chem. 88 (2016)  4409-4417.

• Precursors of same charge state

• Lose the same charge

• Lose the same mass



Τ𝑚 𝑧 𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟 =
𝑝

𝑛
Τ𝑚 𝑧 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡 +

𝑚𝑛

𝑛

M. van Agthoven et al., Anal Chem. 88 (2016)  4409-4417.

Precursor charge

Fragment charge

Precursor charge

Neutral loss



Dissociation Lines in 2D Mass Spectra

M. van Agthoven et al., Anal Chem. 88 (2016)  4409-4417.
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Fragment without the modification: 
vertical

Fragment with the modification: 
on the same dissociation line

Easy method for assignment 
and location of peptide 
modifications!

M. van Agthoven et al., Anal Chem. 90 (2018)  3496-3504.
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nanoESI 2D (IRMPD) FT-ICR Mass Spectrum of Bovine Serum Albumin Digest

M.A. van Agthoven, Y.P.Y. Lam, P.B. O’Connor, C. Rolando, M.-A. Delsuc, Eur. Biophys. J. 48 (2019) 213-229.



2D ECD MS of histone H4:

Fragment m/z

P
re

cu
rs

o
r 

m
/z

[M+15H]15+

Fragment m/z

Vertical FWHM: 
m/z 0.8 @ m/z 750
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• Optimal signal-to-noise ratio

• Maximum precursor-fragment correlation



• Narrowband mode 2D MS

• Phase correction for absorption mode 2DMS



Narrowband 2D MS: Principle

Signals can be folded over at the borders of the spectrum!

Maximum frequency foldover!

Zero frequency foldover!

M. van Agthoven et al., Eur. Biophys. J. 48 (2019) 213.
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Broadband 2D spectrum Narrowband 2D spectrum

Fragment frequency Fragment frequency

Fragment frequency
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Narrowband 2D MS: Principle

• Maximum frequency reduced to fold over autocorrelation line

• Same number of datapoints over smaller mass range

• Increase in resolving power/precursor-fragment correlation

M. Halper et al., Anal Chem. 92 (2020) 13945-13952.
37



• 2 x foldover in narrowband
• 2D MS maximum frequency: 250 kHz (broadband) and 62.5 kHz (narrowband)
• ECD fragmentation

• 7 T ApexQE FT-ICR MS

Narrowband 2D MS: Experimental Conditions

• C-terminal GK-biotinylated histone H3 sequences (residues 21 to 44)

• Equimolar mixture
• Modified at K7 (1, 2, 3 methylations) 

M. Halper et al., Anal Chem. 92 (2020) 13945-13952.
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(a) Broadband 2D mass spectrum

(b) Narrowband 2D mass spectrum

Fragment m/z ratio

Fragment m/z ratio
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Precursor f [M+H6]6+

Precursor f [M+H6]6+

Aliased 3f harmonic

Aliased 2f harmonic

2f harmonic

ATKAARKSAP10ATGGVKKPHR20YRPGGKb

ATKAARKSAP10ATGGVKKPHR20YRPGGKb

(a) Broadband 2D mass spectrum

(b) Narrowband 2D mass spectrum

Fragment m/z ratio
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ATKAARKSAP10ATGGVKKPHR20YRPGGKb

ATKAARKSAP10ATGGVKKPHR20YRPGGKb

Broadband vs. Narrowband 2D MS

M. Halper et al., Anal Chem. 92 (2020) 13945-13952.

Broadband 2D mass spectrum Narrowband 2D mass spectrum
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Broadband vs. Narrowband 2D MS

M. Halper et al., Anal Chem. 92 (2020) 13945-13952.
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Isotopic Distributions in Narrowband 2D Mass Spectrum

M. Halper et al., Anal Chem. 92 (2020) 13945-13952.

Small fragment: 
most 13C isotopes in 
complement

Big fragment: 
most 13C isotopes in 
fragment

Medium fragment: 
13C isotopes evenly 
distributed between 
fragment and 
complement
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• c6 and z18
3+: vertical precursor ion 

scans
⟹ PTMs on 7th residue

Narrowband 2D MS: Identification and Location of PTM

• m/z difference: 14.0157 Da 
⟹ methylations

M. Halper et al., Anal Chem. 92 (2020) 13945-13952.

• Dissociation lines: slopes 0.33, 0.5, 
0.67
⟹ confirm ID and location of PTM
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Narrowband 2D MS: Label-free relative quantification

M. Halper et al., Anal Chem. 92 (2020) 13945-13952.

• PTM location achieved visually
⟹ relative intensities plotted without 
distinguishing fragment m/z

43

• Comparable results from intensities of 
precursor ions, charge-reduced species, 
and fragment ions
⟹ 2D MS can be used for label-free 
relative quantification



Phase correction in 1D FT-ICR MS

Feng Xian et al., Anal Chem. 82 (2010) 8807-8812.
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Phase correction in 1D FT-ICR MS

Feng Xian et al., Anal Chem. 82 (2010) 8807-8812.

Absorption mode: 
Gain in S/N and resolving power
Need to know phase of peak

Magnitude mode: 
No need to know phase of peak

Dispersion mode
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Phase correction in 1D FT-ICR MS

Yulin Qi et al., J. Am. Soc. Mass Spectrom. 22 (2011) 138-147.

ECD MS/MS of ubiquitin

Zoom on m/z 882

Zoom on m/z 1066

Zoom on precursor ion
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Phase correction in 2D FT-ICR MS

M. van Agthoven et al., J. Am. Soc. Mass Spectrom. 30 (2019) 2594-2607.
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Phase correction in 2D FT-ICR MS

M. van Agthoven et al., J. Am. Soc. Mass Spectrom. 30 (2019) 2594-2607.
48



Phase correction in 2D FT-ICR MS

M. van Agthoven et al., J. Am. Soc. Mass Spectrom. 30 (2019) 2594-2607.
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Phase correction in 2D FT-ICR MS

M. van Agthoven et al., J. Am. Soc. Mass Spectrom. 30 (2019) 2594-2607.

• Fragment ion (horizontal) dimension: quadratic phase correction
• Precursor ion (vertical) dimension: linear phase correction
• Resolving power expected x2
• Signal-to-noise expected x2
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Phase correction in 2D FT-ICR MS: 
Horizontal Phase correction Determined by Phasing MS/MS spectrum

M.-A. Delsuc et al., Molecules 26 (2021) 3388.
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Phase correction in 2D FT-ICR MS

M.-A. Delsuc et al., Molecules 26 (2021) 3388.
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Phase correction in 2D FT-ICR MS: 
Vertical Linear Phase Correction

M.-A. Delsuc et al., Molecules 26 (2021) 3388.
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Phase correction in 2D FT-ICR MS

M.-A. Delsuc et al., Molecules 26 (2021) 3388.
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Can we separate a trimethylated and an acetylated histone peptide?



Can we separate a trimethylated and an acetylated histone peptide?



Can we separate a trimethylated and an acetylated histone peptide?



Can we separate a trimethylated and an acetylated histone peptide?



Can we separate a trimethylated and an acetylated histone peptide?



Can we separate a trimethylated and an acetylated histone peptide?



Can we separate a trimethylated and an acetylated histone peptide?



Can we separate a trimethylated and an acetylated histone peptide?



Can we separate a trimethylated and an acetylated histone peptide?



Can we separate a trimethylated and an acetylated histone peptide?



Can we separate a trimethylated and an acetylated histone peptide?



Can we separate a trimethylated and an acetylated histone peptide?



Conclusion

• Narrowband 2D MS: increased resolving power
• Absorption mode 2D MS: increased S/N and resolving power
• Application to top-down analysis of histones and RNA for modifications 

(identification, location, relative quantification)
• Separation in 2D MS goes beyond resolving power
• Further methods to increase resolving power: non-uniform sampling 

(NUS)
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Thank you for your attention!

Tutorial review:
M.A. van Agthoven, Y.P.Y. Lam, P.B. O’Connor, C. Rolando, M.-A. Delsuc, Eur. Biophys. J. 48 

(2019) 213-229.

In open access!


