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Figure 10
Emerging mass spectrometry (MS) methods for studying membrane protein complexes and their
relationship to other biophysical techniques. Low-resolution analytical ultracentrifugation (AUC) data are
shown for MacB. Sedimentation equilibrium profile showing experimental data and a fitted model consistent
with a dimeric form (79). Ion mobility (IM)-MS data are shown for tetrameric BtuC2D2, wherein a precise
molecular mass can be determined and the drift time equated to a compact tetrameric structure in the gas
phase (85). Electron microscopy (EM) data of the tetrameric recombinant type 1 IP3 receptor are presented
(120). Average atomic force microscopy (AFM) image from a total of 800 trimers of bacteriorhodopsin (121).
Atomic resolution structures of AcrB and the voltage-dependent anion channel are obtained from X-ray
crystallography and NMR spectroscopy, respectively (122, 123).

EM: electron
microscopy

NMR, both methods present practical difficul-
ties such that the number of atomic structures
of membrane complexes remains relatively low.
For X-ray crystallography of membrane com-
plexes, considerable effort has to be invested
in determining the correct conditions for crys-
tallization (93), and multiple supplementary
methods are often employed to determine the
oligomeric forms (94). Clusters of assemblies
are intractable for X-ray crystallography and
present difficulties for electron microscopy
(EM) analysis, but clusters are often observed
in families of membrane proteins, such as ion

channels, ionotropic receptors, and bacterial
chemoreceptors (95, 96). NMR, though pro-
viding solution-state structural information,
is limited to highly concentrated solutions of
relatively small membrane proteins, with a
limited choice of detergent micelles or bicelles
(97). Atomic force microscopy (AFM) and EM
single-molecule analysis have provided notable
insights into the structure and function of
membrane proteins (98–101). AFM can also
give structural information in a physiological
environment without the need to fix and
stain molecules as is often required for EM.
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Emerging mass spectrometry (MS) methods for studying membrane 
protein complexes and their relationship to other biophysical techniques 
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PLAN
• Principles of Mass Spectrometry 

• measuring m/z 
• ionisation methods 
• shape of a MS spectrum of a protein 
• fragmentation methods 

• Examples of use in Structural Biology 
• Large multicomponent Complexes 
• Ligand binding 
• H-D exchange and other chemical labelling 
• Cross-Linking 
• Ionic Mobility 

• 2D MS 
• … teasing you ….
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Principles of Mass Spectrometry
• a charged molecule 

• a fly in the vacuum 

• the trajectory in inflected 

• a detector senses the ion 

• the sensing allows measuring 
the molecular mass

�!
B

�!
E
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Basis
• We need ions in vacuum 

• 3 fundamental steps 
• ionisation / separation / detection 

• Electrostatic/electrodynamic interactions  
=> we measure ONLY m/z 
• not just m  

• m unit = 1 Dalton : 1atom-gram 
• definition 1/12 mass of 12C atom 
• 1 Da = 1.66  10-27 kg 

• m/z unit :  1 Thomson = 1Da / 1e-
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Detection
• There is a large range of approaches for separating ions, 

in all cases: 
• the ion in vacuum flies in E and B fields 
‣ homogeneous or varying in space 
‣ static or varying in time 

• E and B field apply forces to the ion,  - proportionnal to the charge : z 
• the ion follows Newton law - depend on the mass m 
• the displacement is dependent on the mass and the charge 
• only m/z can be measured 

• different measurement methods 
• sector instruments 
• Time Of Flight 
• Quadrupole 
• Ion Trap 
• Orbitrap 
• Ionic Cyclotronic Resonance
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Equations of motion
• Electrostatic force 

• Lorentz force 

• Ponderomotive force 

• Newton law

~FL = q~v ^ ~B

~Fp = � q2

4m!2
rE2

~F = m~�

~Fe = q ~E
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sector instrument
• Principle 

• simplest 
‣ deflection by a homogeneous, static E or B field 
‣ m/z is measured by the position of the impact 

•  improved 
‣ deflection by a homogeneous, time varying E or B field 
‣ m/z is measured by the time of the impact at a given point 

• both field can be used to improve resolution 

• not really used any more
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Paul trap

�
r,z

=
�
o

r2
o

(r2 � 2z2)

�
o

= U + V cos⌦t

Wolfgang Paul - 1989 Physics Nobel Prize
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stability zones

A Quadrupole

A Trap
a =

8qU

mr2
o

⌦2

�
o

= U + V cos⌦t

b = � 4qV

mr2
o

⌦2
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Ion trap
• unstable trajectory in a fluctuating E field 

• stable trajectories are trapped into a cell 
• some trajectories are unstable (depending on m/z) 
• sweeping the frequency ejects ion relative to m/z value 

• in practical 
• Allows storing ions for some time 
• resolution is not very high
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Quadrupole
• resonant trajectory in a fluctuating E field 

• the frequency of the E determines m/z of the stable trajectory 
• sweeping the frequency  

• improvement 
• longer quadrupoles 
• higher tensions 
• hexapoles
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Time Of Flight
•  Principle 

• ions are accelerated by E field 
• ions are injected at a given time 

(MALDI) 
• m/z is measured by the time it 

takes to reach the detector 

• improvements 
• The longer the path, the higher 

the resolution 
• refocalisation of different energies 
‣ Use of reflection chamber

Ec = qU =
1

2
mv2
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Orbitrap
• Stable ion orbits into a Electrostatic cell 

• static Eo 
•  all ions are measured at the same time 
• orbit frequency depends on m/z 
• Fourier Transform gives frequency, thus m/z 

• In practical 
• very high resolution and sensitivity 
• speed, sensitivity and resolution depend on value of E 
• requires very high vacuum 
• patented by ThermoFisher

m

z
/

r
1

f

Spectra obtained by Fourier Transform
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High-sensitivity Orbitrap mass analysis of intact macromolecular assemblies  

R. J. Rose, E. Damoc, E. Denisov, A. Makarov, A. J. R. Heck 

SUPPLEMENTARY INFORMATION 

 

 

 

  

 

Supplementary Figure 1. Schematic of the modified Exactive Plus instrument (ThermoFisher 
Scientific, Bremen, Germany) with HCD option. 
                 
 
 
 
 
 
 
 
 
 
 

!

Sprayer!

S!-!lens!

Bent !flatapole !Transport  octapole!

Injection !flatapole !

C!-!trap!HCD multipole !

Orbitrap analyzer!

Ion gate!

Nature Methods: doi:10.1038/nmeth.2208
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Pening Trap
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parallel flat electrodes 2 cm apart. Thus, ions can be ex-
cited to detectably useful ICR orbital radius (i.e., to a
cyclotron radius large compared to the ion initial room-
temperature thermal cyclotron radius) by a relatively small
rf voltage.

From Eq. (13), the ion kinetic energy immediately
following azimuthal dipolar resonant excitation for a pe-
riod, Texcit’n, is given by (remember that vc Å qB0/m)

K.E.post-excit’n Å
mv2cr2

2
Å q2E20(Texcite)2

8m

Å q2V2p-p(Texcite)2

8d2m
(14a)

K.E.post-excit’n = (14b)
1.20607 † 10¶z™Vp–p(Texcite)™

d ™m
™

K.E.post-excit’n = (14b)
1.20607 † 10¶z™Vp–p(Texcite)™

d ™m
™

in which energy is in eV; Vp-p is in volts; Texcit’n is in s; d
is in m; m is in u; and z is in multiples of elementary
charge. For example, for an ion of 100 u, excited by
//01 volt applied for 1 ms to infinitely extended parallel
flat electrodes 2 cm apart, the post-excitation ion kinetic
energy is 1.2 keV. Thus, it is relatively easy to generate
high collision energy (see below) in an ion cyclotron.

FIGURE 7. Incoherent ion cyclotron orbital motion (top left) is con- Equation (14) shows that, for a given excitation electricverted to coherent (and, therefore, detectable) motion (top right) by the
field amplitude and duration, post-excitation ion kineticapplication of a rotating electric field, which rotates in the same sense
energy is independent of magnetic field strength, B0. How-and at the ICR frequency of the ions of a given m/z value. The electronic

circuitry is shown in the bottom diagram. ever, the post-excitation cyclotron radius [Eq. (13)] varies
inversely with B0, so that, for a given post-excitation ion
cyclotron radius, the post-excitation ion energy increases
as B20 (Marshall and Guan, 1996). Post-excitation ion ki-(Guan and Marshall, 1996; Schweikhard and Marshall,
netic energy as a function of ion mass is shown in Fig. 81993)
for either a fixed post-excitation radius at several different
magnetic field values, or a fixed excitation amplitude butr Å E0Texcite

2B0
(13a) several different excitation periods.

or
B. Azimuthal Dipolar Single-Frequency
Detection

It is important to recognize that ICR orbital motion does
not by itself generate an observable electrical signal

r = (S.I. units). (13b)
Vp–pTexcite

2dB‚r = (S.I. units). (13b)
Vp–pTexcite

2dB‚

(namely, a net difference between the charge induced in
two opposed parallel electrodes). At its instant of forma-A particularly delightful feature of Eq. (13) is that

post-excitation ion cyclotron orbital radius is independent tion in (or injection into) the ion trap, the phase of each
ion’s orbital motion is random—i.e., an ion may start itsof m/z! Thus, all ions of a given m/z-range can be excited

to the same ICR orbital radius, by application of an rf cyclotron motion at any point around either circle shown
in Fig. 1. Thus, for an ensemble of ions, any charge in-electric field whose magnitude is constant with fre-

quency—i.e., no mass discrimination results from excita- duced in either of two opposed detector plates will be
balanced, on the average, by an equal charge induced bytion, in the limit of a perfectly spatially uniform rf electric

excitation field. For example, an ion of arbitrary m/z in a an ion whose phase is 180" different (i.e., an ion located
on the ‘‘far’’ side of the same orbit), so that the net differ-magnetic field of 7.0 tesla can be excited to a radius of

0.72 cm in 1.0 ms by a constant rf resonant oscillating ence in detected charge between the two plates is zero.
Moreover, the cyclotron radius of thermal ions is too smallvoltage of //01 volt (2Vp-p) applied to infinitely extended

6

8218 329/ 8218$$0329 09-14-98 10:53:33 msra W: MSR
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FT-ICR
• Stable ion orbits into a magnetic field 

• static homogeneous Bo 
•  all ions are measured at the same time 
• orbit frequency depends on m/z 
• Fourier Transform gives frequency, thus m/z 

• In practical 
• very high resolution and sensitivity 
• speed, sensitivity and resolution 

depend on value of Bo 
• requires very high vacuum 
• high Bo requires cryomagnet

m

z
/ 1

f

Spectra obtained by Fourier Transform
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pulse

R =
U⌧

2B
o

⌧

• radius is independent on m/z
• detected signal is proportional to R
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Chirp pulses

Swept pulse
Frequency : 200.000-50.000 kHz
sweep width : 150.000 kHz    sweep steps : 1000
duration : 1.000 msec 
Epp : 1666.67 V/m
approx excitation radius : 11.82 mm

resonant frequency 144151.41 Hz
final radius : 7.56 mm

Evolution simulator

• broad-band spectra 
‣ 50kHz - 1MHz  

• Direct detection 
‣ no carrier 

• Chirp pulses 
‣ t=0 not easy to defined 
‣ complex phase dependence 

• Simulation needed 
‣ Lorentz + Newton
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Fourier Transform 
Modulus

import Apex as A 
d = A.Import_1D("/DATA/YSPTS_MS_000004.d") 
d.chsize(2*1024*1024).rfft().modulus()

Substance P - 1M points;  resolution ~10ppm;   SNR ~26.000  1 sec acquisition
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Fourier Transform

Zooming in a FT-ICR data-set

m/z unit

m/z ' B
o

f

Substance P
1M points;
resolution ~10ppm  
SNR ~26.000
1 sec acquisition
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Fourier Transform

Zooming in a FT-ICR data-set

m/z unit

m/z ' B
o

f

Substance P
1M points;
resolution ~10ppm  
SNR ~26.000
1 sec acquisition
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Ionisation methods
• of course elephants can fly

John Fenn      Koichi Tanaka     Kurt Wüthrich
Nobel prize in Chemistry 2002
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MALDI : Matrix Assisted Laser Desorption/Ionisation

•Matrix 
absorbs light energy (UV laser) 
ionizes the molecule without breaking it 

•Typically 
- cinnamic acid 
- but also 

Ferrulic acid / Sinapic acid / DiHydroxy Benzoic acid / etc.. 

cinnamic acid
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ESI : Electro Spray Ionization
high vacuum1 mbar
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ESI : Electro Spray Ionization

photo by Robert White - Wikipedia

photoby Maciej Kotlinski - Wikipedia
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ESI requirements
•volatile buffers 

so that no salt remains on the molecule of interest 
- positively charged 

ammonium 
- negatively charged 

carbonate 
formiate 
acetate 

- and that’s about it ! 

•see for instance 
- http://www.rsc.org/suppdata/an/c1/c1an15123a/c1an15123a.pdf

http://www.rsc.org/suppdata/an/c1/c1an15123a/c1an15123a.pdf
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all together : a MS spectrometer
• Combine : 

• Usually some 
Chromatography  
‣ GC 
‣ HPLC 
‣ nanoLC 
‣ capillary electrophoresis 
‣ nothing => infusion 

• one source 
‣ ESI 
‣ MALDI 
‣ etc.. 

• one measurement 
‣ trap / quadrupole  
‣ TOF 
‣ Orbitrap 

• Hence 
• ESI-Orbitrap 
• Maldi-TOF 
• MALDI-LTQ 
• GC-TOF
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One example

• Whisky sample
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Resolution
• Resolution in MS 

• depends on several aspects 
• measured by the ratio R  

• Isotopic patterns 
• monoisotopic mass / average mass 

• Ionisation techniques 
• Multicharges patterns 
‣ difference MALDI / ESI 

• Detection techniques 
• MS-MS    <    TOF - LTQ - Quad    <    Orbitrap FT-ICR 
‣   1.000                  10.000 - 100.000                100.000 - 1.000.000

m

�m

R =
m

�m
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Resolution
• Resolution in MS 

• depends on several aspects 
• measured by the ratio R  

• Detection techniques 
‣  Ion Trap  <   Quadrupole  <    TOF    <    Orbitrap     <      FT-ICR 

1.000           5k                    20k            50k            300k         1M - 5M

R =
m/z

�m/z
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Isotopic pattern
• Each atom type displays an isotopic profile 

• list of isotope natural abundance for common atoms

http://www.sisweb.com/referenc/source/exactmaa.htm
http://www.sisweb.com/mstools/isotope.htm

isotopic ratio +1 +2

H 99.99% 0.015%

C 98.9% 1.1%

N 99.63% 0.37%

O 99.76% 0.038% 0.2%

P 100%

S 95.02% 0.75% 4.21%

http://www.sisweb.com/referenc/source/exactmaa.htm
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Molecular Mass definition - Isotopic pattern
• For Cn peak at 12n+1 is proportionnal to n 

• example here for linear alcanes CnH2n+2  
• monoisotopic mass  / average mass

n=1 n=10 n=100 n=1000

14017.67 14028.09

~1% ~10%
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Isotopic pattern
• Protein empirical formula 

• eg : C1 H1.59 N0.27 O0.31 S0.01    (different expressions exist) 
• The aspect of the pattern depends on the resolution (and on the 

charge state) 
• here simulated for a 11kD protein 
• note how       monoisotopic mass ≠ average mass ≠ top of the 

peak
R=60.000 R=20.000 R=5.000
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C_725 H_1122 N_194 O_215 S_10 

16306.003396  0.0544783371 
16307.006259  0.4815908078 
16308.008995  2.1746869097 
16309.011617  6.6792852462 

16310.014141  15.6785827113 
16311.016578  29.9699795375 
16312.018937  48.5483260540 
16313.021227  68.4889810809 
16314.023455  85.8283420627 
16315.025629  96.9892347469 

16316.027753  100.0000000000 
16317.029832  94.9628506636 
16318.031872  83.7024337398 
16319.033877  68.9202526525 
16320.035849  53.3017111235 
16321.037793  38.8992040048 
16322.039711  26.8962383101 
16323.041605  17.6814074296 
16324.043479  11.0855202359 
16325.045335  6.6465388834 
16326.047174  3.8202539089 
16327.048999  2.1095643109 
16328.050811  1.1213685311 
16329.052610  0.5748121676 
16330.054400  0.2845871917 
16331.056178  0.1362794827 
16332.057943  0.0631972378 

…

monoisotopic 
           ⇩
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charge state

abundant proteins can “mask” low abundant cross-linked interac-

tors. The key to a more sensitive detection of these less prevalent

protein interactions is the enrichment of cross-links at either the

protein or peptide level. Cross-link enrichment was first achieved

using cross-linking reagents that harbor a biotin tag to facilitate

affinity purification (Alley et al, 2000; Trester-Zedlitz et al, 2003).

More recently, biotin-labeled cleavable cross-linkers, so-called

protein interaction reporters, have been introduced (the general util-

ity of cleavable cross-linkers is discussed in the next paragraph).

These cross-linkers were applied to enrich and identify cross-linked

peptides from intact bacterial and human cells (Zheng et al, 2011;

Chavez et al, 2013; Weisbrod et al, 2013; Navare et al, 2015). Simi-

larly complex samples were probed by using a non-cleavable cross-

linker with a removable biotin label (Tan et al, 2016) as well as

cleavable cross-linkers that can be biotinylated after the cross-

linking reaction (Kaake et al, 2014) or enriched by two-dimensional

strong cation exchange chromatography (Buncherd et al, 2014).

Complementary to these cross-linker-based enrichment strategies,
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Figure 4. Complementary biomolecular MS data exemplified using the human hemoglobin model system.
(A) Schematic of native holo-hemoglobin and its constituents: two a-chains, two b-chains, and 4 heme groups. (B) Cross-linking-MS. The displayed MS2 spectrum represents
two linked peptides derived from cross-linked holo-hemoglobin. The ion signals, shown as blue and red sticks, correspond to specific fragments of the cross-linked peptides.
These fragment ions enable the sequencing of both peptides and the localization of their linkage site, as indicated by the fragment ion map in the inset. Since two residues are
only cross-linked if they are in close spatial proximity, the identified cross-link gives insights into the in-solution structure of holo-hemoglobin. (C) HDX-MS. Shown are the
isotope distributions of the same peptide derived from either holo-hemoglobin (left panel) or the free hemoglobin a-chain (right panel) after theywere separately incubated in
D2O-containing buffer. The incubations were quenched at three different time points. The isotope distribution remains at the samem/z position, when the peptide is derived
fromholo-hemoglobin, whereas it graduallymoves to higherm/z, when the peptide is derived from the free a-chain. This shows that only in the free a-chain, the peptide is able
to take up the heavy deuterium isotope. Consequently, the peptide is solvent accessible in the free a-chain, whereas it is solvent protected in holo-hemoglobin. (D) Protein-
centricMS.Mass spectra of non-digested hemoglobinwere acquired under denaturing (uppermass spectrum) and native (lowermass spectrum) conditions. Under denaturing
conditions, all signals are concentrated in the lowm/z region since the ions of theunfoldedproteins are highly charged. The inset illustrates that theheme cofactor is present as a
singly charged ion (brown), whereas the hemoglobin a-chain (red) and b-chain (blue) are detected in several charge states. From these charge state envelopes, their accurate
molecular masses can be derived (a-chain = 15,155 ! 1 Da, b-chain = 15,895 ! 1 Da, heme = 616.5 Da). In the native mass spectrum, the signals are shifted to higherm/z,
indicating that hemoglobin is detected in its folded state (see main text). The molecular weight can be calculated as 64,588 ! 41 Da. Together with the constituent masses
derived from the denaturing MS experiment, this result unambiguously evidences that holo-hemoglobin is an a2b2 heterotetramer with four bound heme ligands.
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abundant proteins can “mask” low abundant cross-linked interac-

tors. The key to a more sensitive detection of these less prevalent

protein interactions is the enrichment of cross-links at either the

protein or peptide level. Cross-link enrichment was first achieved

using cross-linking reagents that harbor a biotin tag to facilitate

affinity purification (Alley et al, 2000; Trester-Zedlitz et al, 2003).

More recently, biotin-labeled cleavable cross-linkers, so-called

protein interaction reporters, have been introduced (the general util-

ity of cleavable cross-linkers is discussed in the next paragraph).

These cross-linkers were applied to enrich and identify cross-linked

peptides from intact bacterial and human cells (Zheng et al, 2011;

Chavez et al, 2013; Weisbrod et al, 2013; Navare et al, 2015). Simi-

larly complex samples were probed by using a non-cleavable cross-

linker with a removable biotin label (Tan et al, 2016) as well as

cleavable cross-linkers that can be biotinylated after the cross-

linking reaction (Kaake et al, 2014) or enriched by two-dimensional

strong cation exchange chromatography (Buncherd et al, 2014).

Complementary to these cross-linker-based enrichment strategies,
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(A) Schematic of native holo-hemoglobin and its constituents: two a-chains, two b-chains, and 4 heme groups. (B) Cross-linking-MS. The displayed MS2 spectrum represents
two linked peptides derived from cross-linked holo-hemoglobin. The ion signals, shown as blue and red sticks, correspond to specific fragments of the cross-linked peptides.
These fragment ions enable the sequencing of both peptides and the localization of their linkage site, as indicated by the fragment ion map in the inset. Since two residues are
only cross-linked if they are in close spatial proximity, the identified cross-link gives insights into the in-solution structure of holo-hemoglobin. (C) HDX-MS. Shown are the
isotope distributions of the same peptide derived from either holo-hemoglobin (left panel) or the free hemoglobin a-chain (right panel) after theywere separately incubated in
D2O-containing buffer. The incubations were quenched at three different time points. The isotope distribution remains at the samem/z position, when the peptide is derived
fromholo-hemoglobin, whereas it graduallymoves to higherm/z, when the peptide is derived from the free a-chain. This shows that only in the free a-chain, the peptide is able
to take up the heavy deuterium isotope. Consequently, the peptide is solvent accessible in the free a-chain, whereas it is solvent protected in holo-hemoglobin. (D) Protein-
centricMS.Mass spectra of non-digested hemoglobinwere acquired under denaturing (uppermass spectrum) and native (lowermass spectrum) conditions. Under denaturing
conditions, all signals are concentrated in the lowm/z region since the ions of theunfoldedproteins are highly charged. The inset illustrates that theheme cofactor is present as a
singly charged ion (brown), whereas the hemoglobin a-chain (red) and b-chain (blue) are detected in several charge states. From these charge state envelopes, their accurate
molecular masses can be derived (a-chain = 15,155 ! 1 Da, b-chain = 15,895 ! 1 Da, heme = 616.5 Da). In the native mass spectrum, the signals are shifted to higherm/z,
indicating that hemoglobin is detected in its folded state (see main text). The molecular weight can be calculated as 64,588 ! 41 Da. Together with the constituent masses
derived from the denaturing MS experiment, this result unambiguously evidences that holo-hemoglobin is an a2b2 heterotetramer with four bound heme ligands.
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abundant proteins can “mask” low abundant cross-linked interac-

tors. The key to a more sensitive detection of these less prevalent

protein interactions is the enrichment of cross-links at either the

protein or peptide level. Cross-link enrichment was first achieved

using cross-linking reagents that harbor a biotin tag to facilitate

affinity purification (Alley et al, 2000; Trester-Zedlitz et al, 2003).

More recently, biotin-labeled cleavable cross-linkers, so-called

protein interaction reporters, have been introduced (the general util-

ity of cleavable cross-linkers is discussed in the next paragraph).

These cross-linkers were applied to enrich and identify cross-linked

peptides from intact bacterial and human cells (Zheng et al, 2011;

Chavez et al, 2013; Weisbrod et al, 2013; Navare et al, 2015). Simi-

larly complex samples were probed by using a non-cleavable cross-

linker with a removable biotin label (Tan et al, 2016) as well as

cleavable cross-linkers that can be biotinylated after the cross-

linking reaction (Kaake et al, 2014) or enriched by two-dimensional

strong cation exchange chromatography (Buncherd et al, 2014).

Complementary to these cross-linker-based enrichment strategies,
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(A) Schematic of native holo-hemoglobin and its constituents: two a-chains, two b-chains, and 4 heme groups. (B) Cross-linking-MS. The displayed MS2 spectrum represents
two linked peptides derived from cross-linked holo-hemoglobin. The ion signals, shown as blue and red sticks, correspond to specific fragments of the cross-linked peptides.
These fragment ions enable the sequencing of both peptides and the localization of their linkage site, as indicated by the fragment ion map in the inset. Since two residues are
only cross-linked if they are in close spatial proximity, the identified cross-link gives insights into the in-solution structure of holo-hemoglobin. (C) HDX-MS. Shown are the
isotope distributions of the same peptide derived from either holo-hemoglobin (left panel) or the free hemoglobin a-chain (right panel) after theywere separately incubated in
D2O-containing buffer. The incubations were quenched at three different time points. The isotope distribution remains at the samem/z position, when the peptide is derived
fromholo-hemoglobin, whereas it graduallymoves to higherm/z, when the peptide is derived from the free a-chain. This shows that only in the free a-chain, the peptide is able
to take up the heavy deuterium isotope. Consequently, the peptide is solvent accessible in the free a-chain, whereas it is solvent protected in holo-hemoglobin. (D) Protein-
centricMS.Mass spectra of non-digested hemoglobinwere acquired under denaturing (uppermass spectrum) and native (lowermass spectrum) conditions. Under denaturing
conditions, all signals are concentrated in the lowm/z region since the ions of theunfoldedproteins are highly charged. The inset illustrates that theheme cofactor is present as a
singly charged ion (brown), whereas the hemoglobin a-chain (red) and b-chain (blue) are detected in several charge states. From these charge state envelopes, their accurate
molecular masses can be derived (a-chain = 15,155 ! 1 Da, b-chain = 15,895 ! 1 Da, heme = 616.5 Da). In the native mass spectrum, the signals are shifted to higherm/z,
indicating that hemoglobin is detected in its folded state (see main text). The molecular weight can be calculated as 64,588 ! 41 Da. Together with the constituent masses
derived from the denaturing MS experiment, this result unambiguously evidences that holo-hemoglobin is an a2b2 heterotetramer with four bound heme ligands.
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Charge/Mass dependence
• unfolded proteins 

• charge depends only on primary 
sequence and pH 

• folded proteins 
• charge is only on the surface 
• Rayleigh model ZR 
‣ charges are in the droplet when 

sprayed 
‣ droplet evaporate by coulombic fission 
‣ protein is assumes folded ad 

spherical, charges on the protein are 
at the limit of the maximum coulombic 
density.

initial charged residue model leads to a predicted charge
that is independent on the ionization mode (negative or
positive mode) the observed discrepancy cannot be ex-
plained by the charged residue mechanism.

Both de la Mora and Felitsyn have argued that the
experimental charge may also be influenced by an evapo-
ration effect of the smaller buffer ions (de la Mora, 2000;
Felitsyn, Kitova, & Klassen, 2002). The fact that the larger
deprotonated acetate anion is more volatile than the
protonated ammonium ion, would lead to more charges
in the positively charged ion droplets compared to the
negatively charged ion droplets. Themodel proposed by de
la Mora and Felitsyn also predicts that when other than
ammonium acetate buffer salts are used this may influence
the charging of globular proteins and protein complexes.
It has been shown that triethylammonium bicarbonate can
also be used in ESI mass spectrometry for studying intact
proteins and non-covalent complexes (Lemaire et al.,
2001). In comparison with ammonium bicarbonate or
acetate solutions, the use of triethylammoniumbicarbonate
resulted in significantly less ion charges, which may be
explained by the higher gas-phase proton affinity of pro-
tonated triethylammonium bicarbonate (Lemaire et al.,
2001). Moreover, it has been proposed that the multiply
charged ions generated in a triethylammoniumbicarbonate
solution are more stable compared to the traditionally used
solutions, making them more suited for the analysis of
macromolecular complexes (Lemaire et al., 2001). When
ferredoxin-dependent glutamate synthase was sprayed

from triethylammonium bicarbonate buffer at neutral pH
the average number of ion charges was 18 (Fig. 1D) com-
pared to 24 charges when sprayed from an ammonium
acetate buffer in positive ion mode. These results indicate
that the observed experimental charges are influenced
by an evaporation effect whereby the small ‘buffer’ ions
interact with the globular proteins just before they become
free gaseous ions.

III. MASS ANALYZERS FOR
BIOMACROMOLECULAR MASS SPECTROMETRY

Unlike the analysis of peptides and smaller individual
(denatured) proteins, which can be carried out effectively
in mass spectrometers with low m/z range capabilities, the
study of intact macromolecular complexes mainly depends
on the m/z range of the instrument. Although other instru-
ments may also have extensive m/z ranges, at present
the mass spectrometric analysis of biomacromolecules is
largely the domain of time-of-flight (TOF) mass spectro-
metry (Tang et al., 1994). This is not only because of the
virtually unlimited m/z range, but also because of the
achievable high sensitivity and speed of TOF analysis.
TOF measurement depends on a pulsed ion beam and,
therefore, the development of orthogonal hybrid instru-
ments that allow a proper combination of a continuous
electrospray source with pulsed ion detection has been
essential for protein complex mass spectrometry (Morris
et al., 1996; Loboda et al., 2000). In one of its simplest
forms ESI is combined with TOF analysis using a com-
bination of quadrupole or hexapole filters orthogonally
coupled to a TOF tube. These quadrupole and/or hexapole
filters do not allow mass selection of the ions, but just
transmit and focus the whole ion beam, and act as an
interface between the high pressure at the ESI source front
end and the high vacuum of the TOF region. These instru-
ments have become, with some small modifications in
the interface (see below), extremely valuable tools in the
analysis of very large protein complexes.

Quadrupole TOF mass spectrometers are also well
suited for the study of large proteins and protein com-
plexes and have in addition the potential for tandem mass
spectrometry. Quadrupole TOF machines combine a
quadrupole mass filter with an orthogonal TOF analyzer
(Morris et al., 1996; Loboda et al., 2000). These spectro-
meters provide supplementary structural information for
ions isolated in the quadrupole, dissociated via collisional
activation, and analyzed in the TOF analyzer. In most
commercial instruments the quadrupole mass range is
limited to m/z 3,000–4,000, which allows the isolation of
ions of folded proteins and/or protein complexes up to a
molecular mass of 50–60 kDa. Larger non-covalent com-
plexes often exhibit ion charge states appearing well

FIGURE 2. Number of observed mean charges of a number of globular
proteins and protein complexes compared with the Raleigh limit model
predicted charge. The number of observed charges is very close to the
Raleigh limit on water droplets of the same size as the protein. All
proteins were sprayed from 50 mM ammonium acetate at neutral pH.
(*) Represents positive ion mode and (*) negative ion mode.
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Number of observed mean charges of a number of globular 
proteins and protein complexes compared with the Raleigh 
limit model predicted charge. The number of observed 
charges is very close to the Raleigh limit on water droplets 
of the same size as the protein. All proteins were sprayed 
from 50 mM ammonium acetate at neutral pH. (o) 
Represents positive ion mode and (•) negative ion mode.

water, an even simpler equation could be derived:

ZR ¼ 0:078 M1=2 ð2Þ

in which M is the mass of the complex in Dalton.
Several research groups have validated this equation

by accumulating a large number of experimental data on
the ESI of globular proteins and protein complexes. Table 1
shows for a number of globular proteins and protein
complexes themolecular weight and the charge of themost
intense ion signal in both positive and negative ion mode
(data from our group). An accumulated set of maximum
intensity ion charges, from our own and other laboratories,
are plotted versus the molecular mass in Figure 2. It is
evident that in positive ion mode the predicted charges as

calculated by Eq. 2 are in very close agreement with the
measuredmasses over a range from 30 kDa to 1millionDa,
further supporting the charged residue model. In negative
ion mode, the globular proteins and non-covalent com-
plexes obtain significantly lesser number of charges. For
instance, the monomeric glutamate synthase from Syne-
chocystis sp. with amolecular weight of 165 kDa obtains in
positive ion mode approximately 24 ion charges (Fig. 1B),
whereas in negative ion mode this is reduced to 22 charges
(Fig. 1C). Taking all data together, we can conclude that
the measured positive charge is approximately 90% of
the Rayleigh model predicted charge and that the negative
charge is approximately 70% of the predicted charge
(Table 1). The latter percentage corresponds well with
earlier data (Tolic et al., 1997; de la Mora, 2000). As the

TABLE 1. Molecular weight and charge of the most abundant ion signal in both positive and negative ion mode for a number of

globular proteins and protein complexes*

*Measured in our laboratory by nanoflow ESI from 50 mM aqueous ammonium acetate at neutral pH.
aPheA2, flavin reductase component from two-component phenol hydroxylase; PHBH, p-hydroxybenzoate hydroxylase; VAO,

vanillyl-alcohol oxidase; GltS, glutamate synthase; SR1, single ring mutant of GroEL; gp23, bacteriophage capsin protein.
bRaleigh model predicted charge, ZR¼ 0.078$M½.
c(Measured mean ion charges/Raleigh model predicted charge)$ 100.
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10kD   ⇒ Z ~ 9+ 
100kD ⇒ Z ~ 28+ 
1MD   ⇒ Z ~ 90+
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Lysozyme ESI-TOF spectrum
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Merck (Zug, Switzerland). Solution of hydrated cisplatin was
prepared in water. Solutions of substance P and myoglobin
were prepared in 1:1 (v/v) water/acetonitrile solvent mixtures
containing 1% (v/v) of formic acid.
Mass Spectrometry. The MS experiments were performed

on a hybrid 10 T electrospray ionization linear ion trap Fourier
transform ion cyclotron resonance (ESI LTQ FT-ICR) mass
spectrometer (Thermo Scientific, Bremen, Germany). The
instrumental parameters and operation were controlled by
standard data acquisition software. Acquisition of transient
signals was performed in MIDAS data format. Transient signal
of a European crude oil was acquired on a custom 9.4 T FT-
ICR MS (NHMFL, FL, USA).6

Data Analysis. Data analysis was performed using the in-
house developed Python-based software. The calculations were
carried out on a standard desktop computer with a quad-core
processor. The FTMS was performed following the standard
algorithm.29 First, the transient signal is submitted to the
procedures of apodization with Hann’s window and single zero-
filling. Second, Fourier transformation is employed to convert
the transient signal into the frequency domain spectrum with

conventional magnitude-mode spectral representation. Finally,
calibration procedure based on the relation between frequency
and m/z values is performed to provide the mass spectrum.30

The FDM MS was performed as described in the main text. To
find the monoisotopic mass of substance P from the
experimental data, a standard deconvolution procedure was
performed on the basis of the m/z of the monoisotopic peak
and m/z spacing between the peaks in the mass spectra. To find
the experimental monoisotopic mass of myoglobin, the isotopic
ion distributions in the mass spectra were deconvoluted using
the THRASH algorithm.31

■ RESULTS AND DISCUSSION
Methodology of Filter Diagonalization Method-Based

Mass Spectrometry. The FDM-based MS methodology as
employed here is described in Figure 1. Briefly, the harmonic
inversion problems are solved for the selected frequency (mass-
to-charge) window and chosen number of the basis functions
following the standard FDM algorithm.15 The frequency
window selection can be performed without (data-independent
approach) or with (data-dependent approach) use of the

Figure 1. The main steps in the suggested here FDM-based mass spectrometry (FDM MS) methodology. The FDM processing is the standard
FDM algorithm described elsewhere.15,18−20 Other steps are realized in the custom-written PyFTMS package.
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preliminary FTMS step performed to find the location of the
frequency regions with peaks of interest. In the latter case, since
FT processing does not necessarily resolve the peaks of interest,
FTMS is used only to reveal the corresponding frequency
regions for further analysis. The transient signal is subjected to
the FDM calculations for the selected frequency window. The
FDM calculations are carried out with a user-defined number of
basis functions. The number of basis functions is a constraint of
the implemented numerical algorithm of FDM. For the
appropriate results, the number of basis functions should
exceed the actual number of ion peaks to be resolved in a given
m/z (frequency) window, whereas the upper limit of the
number of basis functions is restricted by the available
computational resources. The number of basis functions can
be selected on the basis of the particular sample being analyzed,
MS experimental conditions, or stability of the calculations
performed for a set of different numbers of basis functions. In
the calculations performed here, the number of basis functions
was between 15 and 240 per a frequency window, vide infra. In
addition, the control calculations for the sets of different
numbers of basis functions were carried out to verify the
calculations stability and to confirm the obtained results. The
FDM processing provides the solutions as FDM table that
contains information on frequency, amplitude, phase, decay,
and roughly estimated complex frequency error as a figure of
merit for each solution. In the following step, the possible
spurious solutions (false positives) are filtered out on the basis
of the threshold values specified for user-defined acceptable
peak parameters. If the applied threshold is not sufficiently
strong, the spurious peaks can remain in the spectra and, vice
versa, if the threshold is too strong, the real ion peaks can be
lost. Therefore, method optimization should be performed for
the particular experimental conditions and type of samples
employed. Further, on the basis of the frequencies and
amplitudes from the FDM table, the bar plot in the frequency
scale is created and then reconstructed into the spectrum with
Lorentzian-mode spectral representation with user-defined
peak width. Finally, the bar plot and the spectrum in the
frequency scale are subjected to the standard frequency-to-m/z
conversion.30 Note, compared to the typical procedure in the
FDM NMR,15 here, the spectral representation with a given
peak width is performed for visual convenience only. The m/z
ratios and abundances of interest are parameters to be found
from the transient signal. Therefore, the reported m/z ratios
and abundances are taken directly from the final bar plot in the
m/z scale as the results of the considered parameter estimation
problem. The methodology described in Figure 1 can be
similarly applied to provide analysis of the broadband mass
spectra, which would be considered as a number of adjacent
windows.
Application of Filter Diagonalization Method-Based

Mass Spectrometry to Isolated Compounds. The
performance comparison between the FTMS and the FDM
MS as a function of data acquisition time is shown in Figure 2.
The presented examples correspond to the MS application
areas of metabolomics (small molecule analysis),5 bottom-up
proteomics (peptide analysis),3 and top-down proteomics
(protein analysis).4 Figure S1, Supporting Information,
provides the theoretical isotopic distributions of the selected
compounds. The corresponding ICR transient signals for all
compounds analyzed are shown in Figure S2, Supporting
Information. The FTMS and FDM MS accuracies of the
monoisotopic masses and m/z ratios, obtained with an external

calibration, are given in Tables S1−S3 (Supporting Informa-
tion). In the structural analysis of a singly charged hydrated
derivative of a typical metal-based anticancer therapeutic
compound, cisplatin,32 FDM MS resolves the isotopic
distribution even at an acquisition time of 0.7 ms, Figure 2
top. Here, the ion abundances and peak widths on the panel 1
(T = 100 ms) differ from those on the panels 2 (T = 2.2 ms)
and 3 (T = 0.7 ms) since the isotopic fine structures are
resolved only for T = 100 ms case (see Figure S3, Supporting

Figure 2. Filter diagonalization method (FDM) MS versus magnitude
mode Fourier transform (FT)-based ICR MS for molecular structural
analysis as a function of data acquisition time (transient length, T).
(Top) analysis of a singly charged Pt-based compound; (Middle)
analysis of an 11 amino acid long peptide, substance P, doubly
charged; (Bottom) analysis of a 16.9 kDa protein, myoglobin, carrying
21 charges. The particular advantage of FDM MS application here is
the potential ability to resolve the isotopic distributions of molecules
and macromolecules in the experiments with (i) time constraints, e.g.,
in the online liquid chromatography-MS and (ii) finite lifetimes of
transient signals, e.g., in a top-down proteomics.
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Merck (Zug, Switzerland). Solution of hydrated cisplatin was
prepared in water. Solutions of substance P and myoglobin
were prepared in 1:1 (v/v) water/acetonitrile solvent mixtures
containing 1% (v/v) of formic acid.
Mass Spectrometry. The MS experiments were performed

on a hybrid 10 T electrospray ionization linear ion trap Fourier
transform ion cyclotron resonance (ESI LTQ FT-ICR) mass
spectrometer (Thermo Scientific, Bremen, Germany). The
instrumental parameters and operation were controlled by
standard data acquisition software. Acquisition of transient
signals was performed in MIDAS data format. Transient signal
of a European crude oil was acquired on a custom 9.4 T FT-
ICR MS (NHMFL, FL, USA).6

Data Analysis. Data analysis was performed using the in-
house developed Python-based software. The calculations were
carried out on a standard desktop computer with a quad-core
processor. The FTMS was performed following the standard
algorithm.29 First, the transient signal is submitted to the
procedures of apodization with Hann’s window and single zero-
filling. Second, Fourier transformation is employed to convert
the transient signal into the frequency domain spectrum with

conventional magnitude-mode spectral representation. Finally,
calibration procedure based on the relation between frequency
and m/z values is performed to provide the mass spectrum.30

The FDM MS was performed as described in the main text. To
find the monoisotopic mass of substance P from the
experimental data, a standard deconvolution procedure was
performed on the basis of the m/z of the monoisotopic peak
and m/z spacing between the peaks in the mass spectra. To find
the experimental monoisotopic mass of myoglobin, the isotopic
ion distributions in the mass spectra were deconvoluted using
the THRASH algorithm.31

■ RESULTS AND DISCUSSION
Methodology of Filter Diagonalization Method-Based

Mass Spectrometry. The FDM-based MS methodology as
employed here is described in Figure 1. Briefly, the harmonic
inversion problems are solved for the selected frequency (mass-
to-charge) window and chosen number of the basis functions
following the standard FDM algorithm.15 The frequency
window selection can be performed without (data-independent
approach) or with (data-dependent approach) use of the

Figure 1. The main steps in the suggested here FDM-based mass spectrometry (FDM MS) methodology. The FDM processing is the standard
FDM algorithm described elsewhere.15,18−20 Other steps are realized in the custom-written PyFTMS package.
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FT-ICR MS: A PRIMER !

FIGURE 22. ESI FT-ICR mass spectra of chondroitinase I. Bottom: Heterodyne data for SWIFT-isolated
ions, 1226 õ m/z õ 1273, with external ion accumulation (Senko et al., 1997), from 10 co-added time-
domain signals; the peaks at m/z 1240 and 1254 correspond to an unidentified adduct of Ç260 Da. Top:
Mass scale-expansion showing unit mass resolution of the isotopic distribution of the z Å 91 charge state.
Data kindly provided by N. Kelleher and described in detail elsewhere (Kelleher et al., 1997).

ions of õ700 Da, a unique elemental composition can be charge ratio are required to induce a measurable signal.
‘‘Ion counting’’ (destructive-detection) mass spectrome-assigned directly from the measured mass ifÇ1 ppm mass
ters are, therefore, inherently more sensitive. However, theaccuracy can be achieved (Guan et al., 1996; Zubarev et
FT-ICR detection limit can still be spectacularly low. Withal., 1996). An example is shown in Fig. 20, in which
capillary electrophoresis (CE) coupling, Hofstadler et al.electron ionization FT-ICR mass analysis of raw diesel
acquired hemoglobin mass spectra from a single red bloodfuel feedstock resolves Ç500 singly charged ion masses
cell that contains Ç450 amol of hemoglobin (Hofstadlerin the range, 90–300 Da. The ultrahigh resolving power
et al., 1996). An even lower detection limit has beenafforded by FT-ICR MS reveals several different species
achieved in McLafferty’s laboratory, where CE FT-ICRat each nominal mass. With proper mass calibration [see
mass spectra have been observed from sub-attomole pro-Eq. (32)], the elemental composition of each species can
tein samples (Valaskovic et al., 1996). Further, the samebe assigned unambiguously based on sub-ppm mass accu-
researchers used a CAD spectrum from 9 amol of carbonicracy. Elemental composition is critical in such analyses,
anhydrase and database searching to unambiguously iden-because it is important to identify and monitor sulfur- and
tify the protein in spite of N-terminal acetylation. Althoughnitrogen-containing species as they are removed during
lower detection limits have been obtained with other massthe fuel purification process.
analyzers, the unique combination afforded by accurate
mass measurement, ultrahigh resolution, and nondestruc-

B. Detection Limit for Biological Analysis tive detection that allow for MSn in combination with a
A fundamental limit of FT-ICR broadband image current very low detection limit makes FT-ICR extremely attrac-

tive for biological analysis.detection is that typically Ç100 ions of a given mass-to-

25
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distributed across the dissociated ions in a highly
asymmetric manner. For example, a tetramer will
generate highly charged monomers and lowly
charged “stripped” trimers that can further dissoci-
ate into monomers and dimers. The ejection of
monomers allows the assessment of stoichiometry
with high accuracy. Tandem MS can also provide an
insight into the location (core vs. periphery) of subu-
nits within the complex,45 as peripheral subunits
are expelled at lower energy compared to the core
subunits.9 In certain cases, tandem MS can provide
structural information on subunit interactions and
their relative spatial arrangements.43

In addition to gas-phase dissociation, macromo-
lecular complexes can also be dissociated in solution.
“Destabilising agents” [e.g., dimethyl sulfoxide
(DMSO) or methanol] are used to selectively break
some interactions within the complex before intro-
ducing the sample into the mass spectrometer. One
study exploited this “in-solution dissociation”
approach to elucidate the assembly and disassembly
pathways of certain homo-complexes, revealing these
pathways to reflect the evolutionary pathways
whereby different quaternary structures arise.13 In
the case of hetero-complexes, in-solution dissociation
allows one to establish the direct interactions
between subunits by generating subcomplexes. In
the case of the 13-subunit human eukaryotic trans-
lation factor eIF3, simply increasing the ionic
strength of the ammonium acetate buffer was suffi-
cient to perturb ionic and polar interactions at subu-
nit interfaces, generating almost thirty different
subcomplexes.46 The addition of DMSO or methanol
was also used to partially disrupt the 10-subunit
yeast exosome.47 The analysis of more than a dozen
subcomplexes led to a 2D interaction map that was
subsequently combined with a low-resolution elec-
tron microscopy (EM) envelope to deduce a 3D start-

ing model of the yeast exosome. To summarise, the
ability to dissociate assemblies either in the gas
phase or in solution is of key importance for confirm-
ing stoichiometry and determining direct interac-
tions between subunits.2

Protein-ligand interactions studied
by native Q-TOF based MS
The use of native MS to analyze noncovalent inter-
actions between proteins and small-molecule ligands
has been reviewed previously.48–50 Here we focus on
examples that illustrate the application of native
MS and Q-TOF instruments to address diverse ques-
tions regarding protein2ligand interactions in the
context of structural studies.

A study concerning the pore-forming leucotoxins
secreted by S. aureus illustrates the use of native
MS to evaluate the binding affinity of pro-
tein2ligand interactions.51 The leukotoxins studied
were of two types, class S (LukS-PV, HlgA, and
HlgC with a mass between 31 and 32 kDa) and class
F (LukF-PV and HlgB; 34–35 kDa). Native MS and
surface plasmon resonance were used to study the
inhibition of these toxins by p-sulfonato-calix[n]ar-
enes (SCns, including SC4, SC6, and SC8) and con-
firmed that the SCns only bind class S, not class F,
leucotoxins.51 MS experiments determined the SCn-
leucotoxin stoichiometry, ranked the affinity of the
different SCns for the class S toxins (SC8>SC6>
SC4) and ranked the leukotoxins according to
their relative affinity for SCn (HlgA>HlgC>
LukS-PV).

Native MS experiments characterized the bind-
ing of a recombinant protein to an unknown ligand
that was present in the expression medium.52 The
squid nerve protein ReP1-NCXSQ (Regulatory pro-
tein of the squid nerve sodium calcium exchanger)
was studied by MS and X-ray crystallography.52 In

Figure 3. Timeline of MS-based analyses of macromolecular complexes. The advent of ESI127,160 and of nano-ESI161 laid the

groundwork for native MS. In 1991 the first examples of the analysis of macromolecular complexes were published and in 1998

electron capture dissociation (ECD) was developed.74 In 2002 John Bennett Fenn was awarded a share of the Nobel Prize in

Chemistry for his contribution to the development of electrospray ionization. In the same year noncovalent complexes were

fragmented by ECD76 and tandem MS (i.e., MS2) experiments of protein complexes were performed.32 In 2006 ECD fragmenta-

tion of a ligand2protein complex was first reported.80 Subsequently, intact protein complexes were fragmented by ECD121 and

in 2013 subunits ejected from intact protein complexes were broken down using MS3 experiments.131

Boeri Erba and Petosa PROTEIN SCIENCE VOL 24:1176—1192 1181

from E. Boeri Erba C. Petosa

PROTEIN SCIENCE 2015 VOL 24:1176—1192 
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Native mass spectrometry: a bridge between interactomics 
and structural biology

Denatured and native mass spectra 
of H. pylori urease.  

(a) Denatured urease was electrosprayed from an aqueous 50% (vol/vol) 
acetonitrile containing 0.1 % (vol/vol) formic acid solution revealing 
individual charge distributions from the multiply charged α (26.6 kDa, 
orange) and β (61.7 kDa, magenta) monomers of urease. (b) A mass 
spectrum of native urease electrosprayed from an aqueous ammonium 
acetate solution (bottom) displaying multiple ion signals that originate 
from multiple charged species of the α12β12 intact urease machinery with 

a measured mass of 1,063.4 ± 1.0 kDa. Insets are close-ups of the 
indicated regions. The cartoons are adapted from the X-ray structure of 
the intact α12β12 urease. 
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peptides, we show here that these instruments can be modified 
to analyze very large native protein assemblies.

We made dedicated instrumental modifications to an Exactive 
Plus instrument (ThermoFisher Scientific) with a higher-energy 
collision-induced dissociation (HCD) option (Supplementary 
Fig. 1). Briefly, this included altering software to allow detection of 
ions at higher m/z range, tuning radiofrequency voltages applied 
to transport multipoles and altering the pressure in the HCD cell 
(Online Methods). For introduction of samples, we used a static 
nanospray source with gold-plated capillaries made in-house.

Initially, to probe the boundaries of m/z detection and mass 
resolution of the modified instrument, we analyzed the salt CsI, 
which forms clusters of increasing molecular weight and is often 
used as a mass calibrant. We detected CsI clusters up to m/z of 
18,000 (Supplementary Fig. 2). For comparison, we also ran CsI 

High-sensitivity Orbitrap 
mass analysis of intact 
macromolecular assemblies
Rebecca J Rose1,2, Eugen Damoc3, Eduard Denisov3, 
Alexander Makarov3 & Albert J R Heck1,2

The analysis of intact protein assemblies in native-like states 
by mass spectrometry offers a wealth of information on their 
biochemical and biophysical properties. Here we show that 
the Orbitrap mass analyzer can be used to measure protein 
assemblies of molecular weights approaching one megadalton 
with sensitivity down to the detection of single ions. Minor 
instrumental modifications enabled the measurement of various 
protein assemblies with outstanding mass-spectral resolution.

The analysis of intact protein assemblies by mass spectrometry 
can provide essential information for understanding various 
biological and biophysical properties, from protein identity to 
sample heterogeneity, ligand binding and substrate turnover to 
structural topology and dynamics of assembly1,2. These ‘native 
mass spectrometry’ experiments have been performed on various 
biological systems over recent years and have advanced such that 
megadalton complexes can now be analyzed3. To observe these 
high-molecular-weight ions, commercially available instruments 
are typically modified in-house4,5. These analyses to date have 
been virtually exclusively the domain of time-of-flight (TOF) 
mass analyzers, owing to the capacity of these instruments to 
access very high mass-to-charge ratio (m/z) values (up to 100,000 
Th)6. Enhanced pressures and altered electronics (for example, 
quadrupole frequency, collision energy and TOF pusher fre-
quency), as well as specialized detectors, have been developed to 
improve transmission and measurement of very large ions4,5,7.

The demand for mass spectrometry–based studies on large 
biological molecules is increasing, especially in the area of struc-
tural biology, but also for applications within, for example, the 
biopharmaceutical industry8, necessitating varied approaches and 
improved technologies. Here we report the use of the Orbitrap 
mass analyzer for measuring intact protein assemblies with molec-
ular weights approaching one million daltons. Since the introduc-
tion of the first Orbitrap-based mass spectrometers in 2005, this 
mass analyzer has become increasingly popular9. Although these 
instruments are typically used to analyze small molecules and 

1Biomolecular Mass Spectrometry and Proteomics, Bijvoet Center for Biomolecular Research and Utrecht Institute of Pharmaceutical Sciences, Utrecht University, 
Utrecht, The Netherlands. 2Netherlands Proteomics Center, Utrecht, The Netherlands. 3Thermo Fisher Scientific (Bremen), Bremen, Germany. Correspondence should be 
addressed to A.J.R.H. (a.j.r.heck@uu.nl).
RECEIVED 20 JUNE; ACCEPTED 17 SEPTEMBER; PUBLISHED ONLINE 14 OCTOBER 2012; DOI:10.1038/NMETH.2208
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Figure 1 | Orbitrap-based mass spectra of intact proteins and protein 
assemblies. (a–d) Native mass spectra of IgG antibody (a), bacteriophage 
HK97 capsid pentamers and hexamers (b), yeast 20S proteasome (c) and 
E. coli GroEL (d). Illustrative crystal structures are shown for each protein. 
Inset in a shows an enlargement of the 25+ charge state of IgG1.

Orbitrap-based mass spectra of 
intact proteins and protein 
assemblies. (a–d) Native mass 
spectra of IgG antibody (a), 
bacteriophage HK97 capsid 
pentamers and hexamers (b), 
yeast 20S proteasome (c) and E. 
coli GroEL (d). Illustrative crystal 
structures are shown for each 
protein. Inset in a shows an 
enlargement of the 25+ charge 
state of IgG1.

  Rose, R. J., Damoc, E., Denisov, 
E., Makarov, A. & Heck, A. J. R. 
High-sensitivity Orbitrap mass 
analysis of intact macromolecular 
assemblies. Nat Meth 9, 1084–
1086 (2012).
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specific transition charge values that are close to those of the

nearby helix ends. The native structure of this protein shows one,

three, and six intrahelix salt-bridges in the three helices fromN-to

C-terminus, respectively. The density of salt-bridges (number of

salt-bridges/number of residues) correlateswell with the transition

charge values, suggesting the protein structure is mainly stabilized

by the salt-bridges. This work sheds light on how to analyze ECD

data in terms of details of protein structures.

For protein conformations and dynamics, the bottom-up

strategy combined with footprinting by deuterium exchange110 or

other chemical reagents111 is very powerful. The top-down

approach in this area is just emerging. One can take advantage of

the dependence of protein folding on charge-state of electro-

sprayed protein ions; for example, highly charged ions tend to

represent unfolded states.112 Konermann’s group applied

hydrogen/deuterium exchange (H/DX) coupled with ECD top-

down mass spectrometry to study static113 and intermediate

protein structures.114 Another example of this approach is the

work of Kaltashov, who investigated ETD top-down of deuter-

ated proteins115 and indicated that the prospects for this

approach are significant.116 Interestingly, supercharging reagents

(e.g., m-NBA) do not cause dramatic structure changes, as

demonstrated by ETD in a top-down experiment of deuterated

ubiquitin.117 This overall approach may become useful for

probing the real-time kinetics of proteins under physiological

conditions, if more examples are demonstrated.

The Gross group has combined top-down and bottom-up

approaches118 with footprinting by fast photochemical oxidation

of proteins (FPOP119) to characterize protein conformations. To

draw conclusions, the amino acid residues modified by foot-

printing reagents must be identified. According to Garcia and

coworkers,67 bottom-up strategies have larger dynamic range

(i.e., can detect the modifications at low levels) whereas top-

down approaches can be used to assign regions undergoing the

greatest modifications and distinguish forms with combinatorial

modifications. Our findings are consistent with their observation.

D. Non-covalent protein complexes

With the development of modern MS technology, most cellular

proteins can be analyzed to show their identity. Attention is now

needed to understand protein interactions with other cellular

species. Identification of protein components in complexes

became possible when ESI was invented and added to high

performance mass spectrometers. Following Loo’s highly-cited

review,120 other reviews of this field appeared.29,121–124The protein

interactions to be addressed involve those either with small

ligands or other proteins, and there is early demonstrations that

top-down MS can be successfully applied to these investigations.

Although cross-linking andMS have been successfully applied to

probe the structures of native protein complexes,125 the approach

is not covered in this article because reports of analysis by top-

down MS are sparse.

Protein–ligand complexes. ECD can still fragment protein

backbone in the presence of ligands interacting noncovalently,

indicating that these interactions survive the fragmentation

processes.126 The Loo group127 also showed this to be the case for

the ECD of the protein–ligand complex of the 140-residue,

14.5 kDa alpha-synuclein protein and one molecule of poly-

cationic spermine (202 Da). From an analysis of the product

ions, the spermine binding can be localized to residues 106–138,

demonstrating good agreement with results from previous solu-

tion studies by NMR. The Loo group128 also determined the

adenosine triphosphate (ATP)-binding site on chicken adenylate

kinase by the same method. Although CAD of the protein-

nucleotide triphosphate complexes yields products from the

dissociation of a covalent phosphate bond of the nucleotide with

subsequent release of the nucleotide monophosphate, the

intrinsic stability of electrostatic interactions in the gas phase

allows the diphosphate group to remain noncovalently bound to

the protein. Using ECD, they found that the product ions

bearing mono- and diphosphate groups were mapped to the

region of the adenylate kinase-ATP complex, in agreement with

NMR and X-ray crystalloagraphic identifications of the ATP-

binding pocket. More evidence for success of this approach is

from Erales et al.,129 who mapped the copper-binding site of the

small CP12 chloroplastic protein of Chlamydomonas reinhardtii

by using top-down MS and site-directed mutagenesis. Protein-

peptide interfaces can also be mapped out by this approach as

demonstrated by the Langridge-Smith group130 using a complex

of the 21 kDa p53-inhibitor protein anterior gradient-2 and its

Fig. 3 Temporal structure evolution of globular proteins after ESI - ref. 108 Proc. Natl. Acad. Sci. USA, 2008, 105, 18145–18152, copyright of the

National Academy of Sciences.

3860 | Analyst, 2011, 136, 3854–3864 This journal is ª The Royal Society of Chemistry 2011
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the protein–ligand complex. Different approaches have been
taken to extract Kd values from mass spectrometry data: some
sum absolute peak areas (intensities) of respective charge states,49,51

others base the calculation on the intensity of the most
abundant charge state.52 Micromolar concentrations usually
present in ESI-MS experiments allow the determination of

Fig. 3 Schematic layout of a modified Q-TOF instrument. Careful control of the pressure gradient in the different pumping stages of the instrument

is known to be beneficial for transmission and analysis of large macromolecular assemblies. Here, a hexapole pressure sleeve has been installed

allowing for use of increased pressure in the hexapole region. Reprinted with permission from ref. 43. Copyright 2006 American Chemical Society.

Fig. 4 Dependence of interface pressure (Pi) and accelerating voltage (Vc) on complex stability and spectra quality. In region (a) low Vc and high

Pi are applied ensuring no disruption of the noncovalent complex but incomplete dissolvation. When applying high Vc and low Pi, dissolvation

improves but disruption of noncovalent might be observed (region c). Optimal tuning of Vc and Pi compromises between well desolvated peaks of

intact noncovalent complex (region b). With kind permission from Springer Science + Business Media: S. Sanglier, C. Atmanene, G. Chevreux,

and A. Van Dorsselaer, Nondenaturing Mass Spectrometry to Study Noncovalent Protein/Protein and Protein/Ligand Complexes: Technical

Aspects and Application to the Determination of Binding Stoichiometries, Methods Mol. Biol. 2008, 484, 226, Fig. 3.
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Supplementary Figure 8. Tandem mass spectrum using HCD activation of the 14-subunit 
GroEL precursor ions. This asymmetric charge/subunit dissociation pathway, as shown in the 
cartoon, is typical for gas-phase dissociation of non-covalently bound protein complexes by 
collisional activation. 13-subunit GroEL fragment ions are detected at m/z values up to and 
above 20,000 Th. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Nature Methods: doi:10.1038/nmeth.2208
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dissociation constants into the nanomolar range. Zenobi et al.
reported the first method for determination of Kd lower than
picomolar which is well suited for high-affinity protein–ligand
or protein–protein complexes such as those formed between
antigens and therapeutic antibodies raised against them. This
method takes advantage of the high resolution found in the
low mass region of an FT-ICR mass spectrometer (Fourier
Transform Ion Cyclotron Resonance Mass Spectrometer) and
is based on the intensity ratios for free ligands.53 In contrast,
an approach currently favoured for identifying starting
points for Medicinal Chemistry exploits non-covalent MS
for detection of molecular fragment ligands from large
libraries often binding with mM affinities. Careful study design
is required to ensure that ligands remain soluble at the
concentrations of organic cosolvent (typically DMSO) in
which ligand libraries are prepared. It is imperative to main-
tain the fold of the protein target although recent work
suggests that low levels of DMSO chaperones protein fold.54

Using automated sample introduction robotics and cassette
screening, in which multiple non-isobaric ligands are premixed
with protein, throughput can be significantly enhanced. Up to
200 ligands can be screened as singletons in a matter of hours,
serial dilution experiments to give Kd values can then be
deployed to rapidly rank hit compounds in terms of their
binding affinity.

Several groups have used competitive binding experiments
to determine binding constants. Jørgensen et al. were the first
to determine the absolute values of dissociation constants of
different ligands competing for a protein by use of ESI-MS.55,56

Kempen and Brodbelt used a reference complex with a known
affinity constant and kept it at constant concentration while
varying the concentration of the ligand under investigation;

use of reference ligands served to increase the accuracy of
quantification of competitive binding.57 Cheng et al. have used
FT-ICR-MS to study competitive binding of carbonic anhydrase
inhibitors;58 while Krishnaswamy et al. used the competitive
approach to determine solution-phase affinities of tightly
bound protein–protein complexes.59

While the ionization efficiencies of different noncovalent
complexes are fairly equal, their physiochemical properties
might influence the ionization efficiency and therefore relative
peak intensity. Moreover, droplet size, capillary–cone distance
and instrumental parameters such as ion-source temperature,
drying gas flow-rate and capillary voltage have an effect on
the protein–ligand analysis. Benkestock et al. showed that
increasing the capillary to cone distance results in an increase
in complex observed relative to free protein when a hydro-
philic ligand is present and the reverse effect with a hydro-
phobic ligand.60 The ionization mechanism and ion transfer
coefficient are affected by the ion size and mass; however, if L
is small e.g. with fragment molecules, transfer coefficients for
PL and P are expected to be essentially the same.61

Gabelica et al. introduced the use of the response factor as a
solution to differences in ionization efficiencies of noncovalent
complex for binding studies by ESI mass spectrometry.62,63

The R factor is the ratio between the response factors of PL
and P and is expressed as:

I(PL)/I(P) = R ! [PL]/[P] (2)

The R factor can be applied to correct for the relative
electrospray responses of the complex and the ligand free
protein, mass discrimination of instrumental origin and/or
moderate in-source dissociation. The principle of measuring

Fig. 5 Comparison of molecular masses from ESI-MS for a given protein–ligand system incubated under non-denaturing and denaturing

conditions enables the determination of binding stoichiometry. With kind permission from Springer Science + Business Media: S. Sanglier,

C. Atmanene, G. Chevreux and A. Van Dorsselaer, Nondenaturing Mass Spectrometry to Study Noncovalent Protein/Protein and Protein/Ligand

Complexes: Technical Aspects and Application to the Determination of Binding Stoichiometries, Methods Mol. Biol., 2008, 484, 227, Fig. 4.
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IB5 - salivary protein
• IDP - low complexity 

• Interact selectively with polyphenols (proanthocyanidines)

SPPGKPQGPPQQEGNKPQGPPPPG
        KPQGPPPAGGNPQQPQAPPAG
        KPQGPPPPPQGGRPPRPAQGQQPPQ

EGCG



IB5 / TANNINS

Interaction IB5-EgCG

Francis Canon / Véronique Cheynier

➜ Formation de complexes IB5:EgCG avec différentes 
stoechiométries (de 1:1 à 1:5)
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[IB5 + 2 EgCG] 7+ 
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milieu: H2O/EtOH (88/12) pH=3,2 (CH3COOH) 
Rapport 1:10 IB5:EgCG (IB5 5µM ; EgCG 50µM) 
AccuTOF, ESI+



IB5 / TANNINS

Impact de la structure des tanins sur l’interaction
collision contre un gaz neutre   depend de la vitesse d’accélération
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Expériences de MS/MS: cas des complexes IB5:tanin 1:2
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H / D exchange

Fig. 2.
Workflow of a typical HX MS experiment. Protein samples are equilibrated at the desired
temperature and pH, in a buffer compatible with the protein. Protein solutions are then diluted
(typically 10-fold or more) with the identical buffer containing 99.9% D2O instead of H2O.
The exchange reaction proceeds for various amounts of time and is quenched by lowering the
pH to 2.5 and the temperature to 0 °C. The pH and temperature adjustment reduces the amide
exchange rate to its minimum. Deuterated, quenched protein can then be either directly injected
into a mass spectrometer for mass analysis or digested with an acid protease prior to liquid
chromatography and mass analysis. The mass spectra are analyzed and the uptake of deuterium
over time determined and plotted, either for the intact protein, or for each of the peptic peptides
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study insulin analogues and is likely to be a valuable tool to
study self-assembly of other large proteins.152

Fitzgerald et al. have also developed an alternative method
that uses MALDI-MS and is referred to as SUPREX (stability
of unpurified proteins from rates of H–D exchange) and allows
for determination of free energy values (DGu) associated with
protein unfolding mechanisms.153–156 SUPREX uses denaturing
agents (such as guanidinium chloride or urea) to measure
protein thermodynamic stabilities and as the name suggests
it can be applied to protein mixtures (Fig. 10b). Proteins or
protein–ligand complexes are diluted into a series of deuterated
H–D exchange buffers containing increasing concentrations
of chemical denaturant. After incubation the mass of each
denatured protein sample is determined with MALDI-MS. The
number of exchanged hydrogens is plotted versus denaturant
concentration resulting in sigmoidal curves reflecting the transi-
tion from folded to unfolded protein as more backbone amides
are exposed with increasing denaturant concentration. Higher
denaturant concentrations will be required to induce unfolding
of the protein–ligand complex due to its increased stability.139

Application of the SUPREX protocol can be also expanded to
large multimeric protein systems by incorporation of a protease
digestion step.157

As with all analytical methodologies, HDX techniques
display advantages and disadvantages. Continuous HDX
experiments can be time consuming and not inherently high-
throughput; however, they yield wide range of information on
different solution-phase conformations. These experiments
can provide a broad picture of the conformational changes

induced by ligand binding, mutation or aggregation. SUPREX,
on the other hand, provides very little structural information
about protein folding and ligand binding in contrast to the
continuous HDX; however, it allows for the use of unpurified
proteins as long as the other components of the sample
mixture do not suppress the signal of protein of interest. This
advantage eliminates the need for time-consuming high purity
sample preparation and makes SUPREX more amenable
towards high-throughput analysis. Although PLIMSTEX
produces much of the same thermodynamic data on protein–
ligand binding, it does not involve the use of denaturant which
can alter or even prevent ligand binding. In their recent review,
Fitzgerald and West offer more details on those method-
ologies as well as further comparison of the merits of these
approaches.158

5. Protein footprinting approaches

Footprinting approaches involve probing the structure, confor-
mation and dynamics of proteins by covalent modification of
the surface accessible amino acid chains with various chemical
reagents. This approach offers a potential advantage over
H–D exchange that back exchange cannot occur following
covalent attachment; however the introduction of additional
steric bulk may itself affect the protein structure and function.
A number of amino acid specific reagents exist; including
carbodiimides for modification of carboxyl groups, acid
anhydrides effecting lysine residues or vicinal dicarbonyl com-
pounds reacting with arginine residues, just to mention few.159

Fig. 9 Scheme of on- and off-exchange approaches used in HDX experiments. Reproduced from A. Sinz, 20075 with permission from JohnWiley

and Sons.
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Figure 3. Differential hydrogen/deuterium exchange coupled with mass spectrometry data for
peroxisome proliferator-activated receptor γ-ligand binding domain ± rosiglitazone and MRL24.
The HDX data shown correspond to four regions of interest: helix 3 (IRIFQGCQF), the β-
sheet region (ISEGQGFMTRE), helix 12 (QEIYKDLY) and the helix 2–2′ link region
containing the site of CDK5 phosphorylation (KTTDKSPFVIYDM). (A) Histograms
showing the percent reduction in HDX for each peptide region. Values are calculated
relative to the measured %D value for apo peroxisome proliferator-activated receptor
(PPAR)γ-LBD (n = 4; error bars are standard error of the mean; p < 0.01, p < 0.001). (B)
HDX data for the four peptides of interest are plotted over the structures of PPARγ-LBD
bound with rosiglitazone (left: PDB:2PRG) and MRL24 (right: PDB:2Q5P). Percent
reduction in HDX relative to apo receptor is colored according to the key. Red circle
indicates Ser273 residue of PPARγ.
H12: Helix 12; HDX: Hydrogen/deuterium exchange; LBD: Ligand-binding domain; ns:
Not significant.
Reproduced with permission from [79].
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Cross-linking and mass spectrometry have been successfully
used to study many noncovalent protein systems such as
human serum albumin and its corresponding antibody,181

calmodulin–melittin,182 17b-estradiol and estrogen receptor-a,183

or various peptide ligands with its G protein-coupled receptors,184

or peroxisome proliferator-activated receptor alpha (PPAR-a)
and small molecule ligands.185 Recently, cross-linking has been
even used to covalently link binding partners directly in the cell by
incorporating the reactive groups into the protein using cell’s own
biosynthetic mechanisms.186 Moreover, cross-linking in combi-
nation withMALDI-MS can be used to rank binding affinities.187

A number of reviews have been published either on the cross-
linking reagents and protocols188–190 or protein–protein inter-
action studies using mass spectrometry.191–193 Sections below will
shortly describe two different approaches to analysis of cross-
linked protein–ligand complexes as well as types and classification
of chemical cross-linking reagents available.

6.1 Bottom-up and top-down cross-linking identification
approaches

To perform cross-linking experiments two possible approaches
exist: bottom-up and top-down. When conducting cross-linking
experiments one must know the amino acid sequence under
investigation as control samples (i.e. no cross-linker added)
need to be used. In the bottom-up approach, after the cross-
linking experiment, the covalently bound complex is purified for
example by gel electrophoresis or size-exclusion chromato-
graphy, and enzymatically digested either in-gel or in-solution

and the resulting proteolytic peptide mixtures are analyzed by
MALDI or ESI-MS.180 Comparison of the mass spectra from
cross-linked and non-linked peptide mixtures reveals which
individual peptides are cross-linked in the complex providing
information on relative special orientation of the binding
partners. This approach has been successfully applied to study
protein interfaces and has been valuable to low-resolution
structure determination.179,192,194,195

The top-down approach exploits the capability of a multistage
mass spectrometer to fragment intact cross-linked protein–ligand
complexes.196 High resolution ESI Fourier transform ion cyclo-
tron resonance mass spectrometry (ESI-FTICR-MS) is the most
commonly used tool for this approach. The cross-linking mixture
is introduced into the FTICR mass spectrometer, isolated in
the ICR cell and subsequently fragmented with one of the
various fragmentation techniques such as electron caption
dissociation (ECD), infrared multi-photon dissociation (IRMPD),
or sustained off-resonance irradiation collision-introduced
dissociation (SORI-CID). The superior mass accuracy of
FT-ICR-MS helps us to determine the number of incorporated
cross-linkers in the intact protein and the number of possible
modifications caused by cross-linking reagents. This approach
has been applied to study for example intramolecular cross-
linked products of bovine rhodopsin197 or ubiquitin.198 The
major advantage of top-down over bottom-up approach is the
freedom from a chromatographic separation of the cross-
linking mixture prior to mass spectrometric analysis as this is
achieved in the mass spectrometer itself. However, FT-ICR-MS
becomes less sensitive and of lower effective resolution as

Fig. 12 Analytical strategy for analysing conformational changes in protein upon ligand binding by chemical cross linking and high resolution

mass spectrometry. Reproduced from Muller and Sinz180 with permission from Springer.
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nately, this is not the only possible reaction product; it is also
possible and, depending on the sample, even more likely that
only one end of the bifunctional cross-linker will react with the
protein because the other end does not come into contact
with another cross-linkable residue, or the second reactive
group is deactivated, e.g. by hydrolysis, before forming a
cross-link. Therefore, different products of the cross-linking
reaction, which are summarized in Fig. 1, may be observed.
The nomenclature of these species varies between authors,
and in this article, we will classify them either as monolinks,
loop-links, and cross-links. A more detailed discussion about
nomenclature of cross-linking products can be found in a
paper by Schilling et al. (5).

Over the years, a large number of chemical cross-linking
reagents have been developed. Broadly, they may be classi-
fied in several categories according to their reactivity (e.g.
amine- or thiol-reactive and homo- and heterobifunctional) or
the incorporation of additional functional groups (e.g. cleav-
able sites and affinity tags). In the following, we will discuss
both conventional and functionalized reagents.

Conventional Cross-linking Reagents—This group of chem-
ical cross-linking reagents consists of two reactive sites con-
nected through a spacer or linker region, typically an alkyl
chain. Most commonly, the reactive groups of cross-linkers
target the primary amino group of lysine (and the protein N
termini). For this purpose, N-hydroxysuccinimidyl or sulfosuc-
cinimidyl esters are almost exclusively used. These “active
esters” have high reaction rates but are at the same time also
susceptible to rapid hydrolysis in aqueous solutions with half-
lives at a time scale of tens of minutes under typical reaction
conditions (pH ! 7, 25–37 °C). The competing hydrolysis
reaction limits the possible reaction time and makes it difficult
to obtain good cross-linking yields for low protein concentra-
tions. Common succinimide-type linkers are disuccinimidyl
suberate (DSS;1 six-carbon linker) and disuccinimidyl glu-
tarate (DSG; three-carbon linker) as well as their sulfo analogs

bis(sulfosuccinimidyl) suberate (BS3) and bis(sulfosuccinimi-
dyl) glutarate, which are more soluble in purely aqueous so-
lutions. DSS and DSG, in contrast, require prior dissolution in
small volumes of polar organic solvents such as N,N-dimeth-
ylformamide or DMSO before addition to the sample. Struc-
tures are shown in Fig. 2.

Lysine cross-linking has several advantages, including the
high prevalence of Lys residues (about 6%) and relatively high
reaction specificity. Side reactions of N-hydroxysuccinimide
esters with other amino acids usually do not occur at relevant
levels under carefully controlled reaction conditions (pH, re-
action times, and reagent excess), although they have been
reported in the literature (6, 7). Similar specific cross-linking
reactions can be carried out when targeting cysteine residues,
e.g. by maleimides, but the low abundance of Cys ("2%)
makes this less attractive. Other cross-linking chemistries are
not frequently used either because the reactions cannot be
performed under appropriate (“native”) conditions or because
reaction products are instable or inhomogeneous. Examples
include arginine-specific cross-linking or acidic cross-linking
(8, 9).

In addition to homobifunctional cross-linkers, several het-
erobifunctional linkers have been described. These may in-
corporate two different reactive groups, e.g. Lys- and Cys-
reactive, or may combine different cross-linking concepts,
e.g. chemical and photoinduced cross-linking. However,
these approaches pose additional difficulties to data analysis.

A notable exception to the general linker design is formal-
dehyde, which only contains a single aldehyde group but is
able to connect two amino acid side chains via a two-step
reaction. Formaldehyde is a less specific reagent, although
lysine and tryptophan residues are primarily targeted (10, 11).
Coupling reagents, for example carbodiimides such as ethyl
diisopropyl carbodiimide, are only involved in an intermediate
reaction step but do not introduce additional atoms into the
molecule. The result is a so-called “zero-length” cross-link in
the form of an amide bond between Lys and Asp/Glu residues
that, however, requires very close spatial proximity. Further-
more, it poses additional difficulties in that cross-links be-
tween two sites that are near each other in the primary se-
quence may be difficult to discriminate from missed
cleavages during the course of mass spectrometric analysis.

Functionalized Cross-linking Reagents—To facilitate the
analysis of the products of cross-linking reactions by mass

1 The abbreviations used are: DSS, disuccinimidyl suberate; BS3,
bis(sulfosuccinimidyl) suberate; DSG, disuccinimidyl glutarate; EM,
electron microscopy; ETD, electron transfer dissociation; LIT, linear
ion trap; PIR, protein interaction reporter; r.m.s.d., root mean square
distance; SCX, strong cation exchange; SEC, size exclusion chroma-
tography; XDB, cross-link database; CXMS, chemical cross-linking
coupled with mass spectrometry.

FIG. 1. Nomenclature of common products of chemical cross-
linking reactions. The terminology, cross-link, loop-link, and mono-
link, used in this article is shown.

FIG. 2. Structures of most commonly used amine-reactive
cross-linking reagents: DSS, BS3, DSG, and bis(sulfosuccinimi-
dyl) glutarate (BS2G).

Probing Native Protein Structures by Chemical Cross-linking

Molecular & Cellular Proteomics 9.8 1635
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one example

Fructose‐bisphosphate aldolase (ALDOA_RABIT, P00883), PDB structure 3DFQ
DSS PDH ZL

Pyruvate kinase (KPYM_RABIT, P11974), PDB structure 2G50
DSS PDH ZL

Lactoferrin (TRFL_BOVIN, P24627), PDB structure 1BLF
DSS PDH ZL
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Despite the overlapping charge states, the composition
of the complexes could be unambiguously determined
based on the assigned unique masses of each of the
proteins [Fig. 3(B)] and the use of the “SUMMIT” algo-
rithm, which calculates all possible protein composi-
tions that add up to the target mass within a given
error range.88 Notably, several additional software
packages have been developed to assist in the analysis

of such complicated spectra.89–91 Furthermore, differ-
ent volatile buffers that are compatible with MS (e.g.,
ammonium acetate, ethylenediammonium diacetate,
and triethylammonium acetate) or reagents that can
modulate the number of charges per molecule, can be
screened for their ability to enhance the separation
between sample components, thereby enabling an
unambiguous assignment of signals.92–95

Figure 3.

1200 PROTEINSCIENCE.ORG Chemical Crosslinking and Native MS
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3. Ion mobility mass spectrometry

Ion mobility mass spectrometry (IM-MS) can provide useful
insights into the structures of biological macromolecules and
their complexes and has been applied to peptides and proteins,
carbohydrates, lipids, nucleotides as well as other natural
products.8 Ion mobility separations performed with an inert
background gas are based on the charge, size and shape of an
ion and are proportional to the ion surface area i.e. to the
rotationally averaged collision cross section (O). When coupled
to a mass spectrometer, separation of ions in the gas phase
becomes two dimensional—based on the mobility (K) and mass
to charge ratio m/z. These measurements are not entirely
orthogonal, in drift tube instruments; K is directly proportional
to z (see eqn (3)). It is possible to separate coincidentm/z species
based on their oligomeric order and/or conformations as
illustrated schematically in Fig. 7.

In comparison with atomic structural resolution methods
such as X-ray crystallography or NMR, IM-MS provides
relatively low-resolution structural information; however, only
small quantities of sample are needed, gas phase separations
are rapid and solvent effects are not present.75 Moreover,
higher-resolution techniques are limited by the size of protein
or protein system under investigation. The largest proteins
with globular structures studied by NMR have masseso100 kDa
and o520 kDa for those studied with X-ray crystallography
whereas to date the largest isolated complexes studied in the
gas-phase with IM-MS are different forms of HVB capsid with
molecular weights between 3 and 4 MDa.40,76,77

There are three principal types of ion mobility instrumentation
that have been successfully coupled with mass spectrometry:
Drift Tube (DT), TravellingWave (TW), and Field Asymmetric
Waveform IonMobility Spectrometry (FAIMS). Hill et al. have
prepared an extensive review on milestones in the development
history of IM-MS.78 Despite differences in the configuration of
IM-MS instruments, there are common features. A pulse of ions

is injected into a chamber filled with a known inert gas at a
known pressure. An electric field is applied across the chamber
and the time taken for the ions to travel through is measured.
The ions are actively transported through the cell by the
electrostatic force; at the same time this force is opposed by
collisions of ions with buffer gas. The mobility K is dependent
on the molecular shape, charge of the species and the buffer
gas pressure. DT-IM-MS instruments allow direct deter-
mination of collision cross sections (CCS) by recording the
drift velocity of an ion through a linear drift field.79 Mobility K
is inversely proportional to CCS according to the following
relationship:

K0 ¼
3ze

16N

2p
mkBT

! "1=2 1

O
ð3Þ

where K0 is the reduced mobility (the measured mobility K
standardized for pressure and temperature to 273.15 K and
760 Torr), z is the ion charge state, e is the elementary charge,
N is the gas number density, m is the reduced mass of the ion-
neutral pair, kB is the Boltzmann constant and T is the gas
temperature.
The application of IM-MS for structural studies of bio-

macromolecules has greatly increased since the introduction of
a commercial quadrupole/travelling wave ion mobility time
of flight mass spectrometer.80 Although the transmission
efficiency of ions through a traditional drift cell is low, the
physical aspects are well understood.78,81,82 This is not yet the
case for ions transmitted through ion mobility cells with
travelling wave technology80,83 where CCSs cannot be directly
determined and drift times calibrated for ions of interest
against those measured for ions of known O values.84–86

Jurneczko et al. have compared CCSs for several monomeric
proteins investigated with different ion mobility techniques
(DT and TW) and found good agreement, although they also
note the consistent reduction in CCS compared to theoretical
CCS extrapolated from crystal structure data.84,87

Fig. 7 Ion mobility allows separation of coincident m/z species: separation of ‘aggromers’ and isobaric conformers by oligomeric order and by

conformation, respectively.
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EDITORIAL

Trapped Ion Mobility Spectrometry: past, present
and future trends

Francisco Fernandez-Lima1

# Springer-Verlag Berlin Heidelberg 2016

Five years after the first publication on Trapped Ion
Mobility Spectrometry entitled BGas-phase separation
using a trapped ion mobility spectrometer^ on this
journal [4], we celebrate the recent developments on
TIMS technology with this special issue. This issue
features an example of the high mobility resolving

power of TIMS (up to 400); TIMS potential for the
analysis of high molecular weight biomolecules and
biomolecular complexes; the use of nonlinear scan
functions for targeted high resolution TIMS; and gated
TIMS coupled to ultrahigh resolution FT-ICR MS
analyzers.

First TIMS spectrum (left) of TuningMix sample obtained in a prototype TIMS analyzer coupled to a Brukermicro q-TOF (center
top) and first isobaric separation (right) of and 3-methoxymorphinan and dextrophan (m/z 258.2) and tetracaine and mainserine
(m/z 265.2). In the picture, from left to right, Dr. Francisco Fernandez-Lima, Dr. Desmond A. Kaplan and Dr. Melvin A. Park

* Francisco Fernandez-Lima
fernandf@fiu.edu

1 Department of Chemistry and Biochemistry, Florida International
University, 11200 SW 8th St AHC4-233, Miami, FL 33199, USA

First TIMS spectrum (left) of TuningMix sample obtained in a
prototype TIMS analyzer coupled to a Bruker micro q-TOF
(center top) and first isobaric separation (right) of and 3-
methoxymorphinan and dextrophan (m/z 258.2) and tetracaine

and mainserine (m/z 265.2). In the picture, from left to right,
Dr. Francisco Fernandez-Lima, Dr. Desmond A. Kaplan and
Dr. Melvin A. Park

Int. J. Ion Mobil. Spec. (2016) 19:65–67
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BI80CH12-Robinson ARI 20 May 2011 12:20
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Figure 7
Ion mobility (IM) contour plots of (a) the KirBac3.1 tetramer (Protein Data Bank number 1XL6) ( J.M.
Gulbis, A. Kuo, B. Smith, D.A. Doyle, A. Edwards, C. Arrowsmith, & M. Sundstrom, unpublished data) and
(b) BtuC2D2 tetramer (Protein Data Bank number 1L7V) (116). The four subunits are colored pink, yellow
(BtuD), blue, and green (BtuC). Black planes indicate hydrophobic boundaries of the transmembrane
regions. Insets show arrival time distributions for the 10+ charge state of trimeric (a) KirBac3.1 and
(b) BtuCD2 formed via gas phase dissociation of the tetramers, superimposed on the collision cross section
axis, recorded with acceleration voltages of 180 V (lower) and 240 V (upper). Representative structures of a
collapsed KirBac3.1 trimer (i ) and a threefold symmetric structure with collapsed N and C termini (ii ). A
BtuCD2 trimer with a compact subunit arrangement and collapsed N termini (iii ), (iv) as in (iii ) but with
partial unfolding of BtuC and (v) the trimer derived from the tetrameric structure with collapsed N termini.
Reproduced with permission from Reference 85.
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• Several fragmentation techniques available
Mostly :

- CID : Collision Induced Dissociation
collision with a neutral gaz :  eg Argon

- IRMPD : IR Multiple Photon Dissociation
irradiation with a IR laser

- ECD : Electron Capture Dissociation
bombardment with e- 

- ETD : Electron Transfert Dissociation
transfert of e- by collision with charged molecules

Tandem MS : MS-MS
• Tandem MS  : coupling two MS measure in series. 

• the first MS select one m/z 
• a fragmentation is applied to the parent peak 
• the mass spectrum of the gradients is determined
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Tandem MS : MS-MS
• Tandem MS  : coupling two MS measure in series. 

• the first MS select one m/z 
• a fragmentation is applied to the parent peak 
• the mass spectrum of the gradients is determined 

• Several fragementation technique available 
‣ Mostly : 

• CID : Collision Induced Dissociation 
‣ collision with a neutral gaz :  eg Argon 
‣ SID - HCD 

• ETD : Electron Transfer Dissociation 
‣ bombardment with e-  
‣ EDD - ECD 

• IRMPD : IR Multiple Photon Dissociation 
‣ irradiation with a IR laser 
‣ BIRD  
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MS-MS : several possible geometry
• coupling 2 MS plus a dissociation chamber 

• QqQ  (Q3) 

• but also 
• Q-TOF 
• Q-Orbitrap 
• TOF-TOF
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proteomics

recovered for MS measurements, leading to information loss.

Correlations between peptides and their sources when dealing

with mixtures of proteins including proteins containing various

post-translational modifications are also lost. Furthermore, los-

ses of peptides containing modifications can be particularly

frustrating when seeking to locate post-translational modifica-

tions. Moreover, for complex protein mixtures, isomeric peptides

are possible to be present in the digest, causing confusion as to

the protein source of a peptide, which is vital for the protein

identification. Top-down sequencing can overcome these infor-

mation-loss problems. Measurement of the intact proteins gives

information for possible protein isoforms provided they have

sufficiently different masses so that the isoforms can be separated

by the spectrometer. Given that the analyst has selected the

protein of interest according to its m/z prior to activation,

top-down sequencing, as an MS/MS method, always makes the

connection between the intact protein and the fragments.

In contrast to the mature bottom-up approach, top-down

sequencing is still in its growing stage, and the number of prac-

titioners is much less, although quickly growing. An important

factor is that a Fourier transform ion cyclotron resonance

(FTICR) mass spectrometer is the most effective tool for

sequencing proteins via election-capture dissociation. Unfortu-

nately FTICR instruments are more costly and require more

expertise than other mass spectrometers. The use of orbitraps in

top-down may be an alternative. Although electron-transfer

dissociation is an alternative to electron-capture dissociation and

is suitable for ion-trap instruments, its application to top-down is

not yet as effective because the mass resolving power of ion traps

is insufficient to permit top-down studies.

The majority of the current top-down research is focused on

protein identification and characterization of associated post-

translational modifications. The latter application can be

successful because electron-capture (transfer) dissociation retains

labile modifying groups in proteins during fragmentation. Given

that several recent review articles addressed the technical devel-

opments of top-down MS for protein analysis,6–9 we will focus in

this review on the applications of top-down sequencing for

protein biophysics and protein conformational studies. Further,

we consider nucleic acids and macromolecular assemblies. This

review provides a brief survey of recent top-down applications

and is not comprehensive.

2. Methodologies

Sample preparation

To conduct top-down analysis by FTICR MS, it is desirable but

not essential to have pure samples or simple mixtures. Although

one might deal with complex mixtures and separate the proteins

by using a quadrupole mass analyzer that is concatenated with

the FTICR or double resonance strategies in the FTICR

instrument rather than HPLC, the dispersion of signals during

ionization and the suppression of individual proteins reduce the

Fig. 1 Comparison of top-down and bottom-up workflows.
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Fragmentation
• fragmentation and identification from databases

The rotational motion is detected by an electrode pair (forming the

boundaries of the ICR cell) as an image current. The time-dependent

image current can be transformed from the time domain to the m/z

domain using Fourier transformation. Finally, Orbitrap MS applies

principles that are related to FTICR, but Orbitraps do not require

magnetic fields, which greatly simplifies instrument handling and

maintenance (Zubarev & Makarov, 2013). Here, ions are trapped in

an electric field generated between an outer barrel-like electrode

and an inner spindle-like electrode. The ions oscillate along the

inner electrode, again generating an image current. The oscillations

are recorded and their m/z-dependent frequency is used to retrieve

the m/z through Fourier transformation.

Gas-phase fragmentation techniques
Often, the m/z is not only determined for the intact analyte ion

(MS1 level) but also for its fragment ions (MS2 level), which are

generated in so-called tandem-MS experiments. Here, an intact

analyte ion species of a specific mass is selected and isolated in the

low-resolution mass analyzer and subsequently activated and frag-

mented. Gas-phase fragmentation (or activation) provides deeper

insights into the analyte structure, for example, the amino acid

sequence of a peptide. The analyte activation takes place either

within the mass analyzer (typical for ion traps and FTICR cells) or

in a collision cell situated between the low-resolution mass analyzer

and the high-resolution mass analyzer (Fig 3A). Activation of

peptides and denatured proteins typically leads to specific peptide

backbone cleavage. Depending on which chemical bond within the

peptide backbone is cleaved, this process generates a-/x-, b-/y- or

c-/z-fragment ion series (Fig 3C). By definition, a–c describe N-

terminal fragment ions and x–z describe C-terminal fragment ions

(Roepstorff & Fohlman, 1984; Biemann, 1990; Steen & Mann, 2004).

Series of these fragment ions detected at the MS2 level readily reveal

the amino acid sequence of the analyzed peptide ion. If not peptides

or denatured proteins, but native protein assemblies are subjected

to gas-phase activation, efficient backbone fragmentation is gener-

ally not observed. Instead, activation may lead to (partial) unfolding

and/or dissociation of non-covalently associated interaction part-

ners. The release of these interaction partners and their mass

measurement may provide insights into the quaternary structure of

biomolecular complexes. Non-proteinogenic biomolecules, such as

carbohydrates and nucleic acids, undergo their own characteristic

fragmentation reactions, for which specific rules and nomenclatures

have been established as well (Domon & Costello, 1988; Flora &

Muddiman, 1998).

A diverse array of activation/fragmentation techniques is nowa-

days available. We confine this subsection to collision-induced

dissociation (CID), higher-energy collisional dissociation (HCD,

sometimes referred to as beam-type CID), and electron transfer

dissociation (ETD), which represent some of the most popular ion

activation strategies in biomolecular MS. For more information on

alternative approaches, please refer to Bogdanov and Smith (2005);

Brodbelt (2014); Zhou and Wysocki (2014); Zubarev (2004). Both

CID and HCD depend on successive collisions between the analyte

ions and inert gas molecules, for example, nitrogen, argon, or

xenon, as they are accelerated in the collision cell. For peptide ions,

CID- as well as HCD-based activation mainly gives rise to b- and

y-type fragment ions in the MS2 spectra. CID, in particular, forces

breakage of the analyte’s most labile chemical bond. Applying CID

C

A

B
Electrospray ionization
(ESI)

Matrix-assisted 
laser desorption/
ionization
(MALDI)

with
ESI or 
MALDI

Quadrupole
Ion Trap

FTICR
Orbitrap
TOF

for gas phase
activation/
fragmentation

Ion
source

Low-
resolution
mass 
analyzer

High-
resolution
mass 
analyzer

Collision
cell

x y z

H
N

N
H2

OH

O

O R2

R1

a b c

Figure 3. Basic principles of biomolecular MS.
(A) Essential components of a mass spectrometer. The ion source facilitates
the transfer of the analyte into the gas phase. The low-resolution mass
analyzer enables mass selection of specific analyte ion species and, in case
of ion traps, may also be utilized for ion activation/fragmentation. Otherwise,
gas-phase fragmentation, for example, using CID, HCD, or ETD, takes place in
the collision cell. Finally, a high-resolution FTICR, TOF, or Orbitrap mass
analyzer facilitates precise and accurate mass measurements. (B)
Schematic representation of ESI and MALDI, the most commonly used
ionization techniques in biomolecular MS. ESI produces multiply charged
analyte ions (shown in yellow, orange, red, and purple) directly from a
sample solution. In MALDI, a laser is used to ablate a mixture of matrix
(shown in blue) and analyte molecules from a metal plate into the mass
spectrometer, yielding predominantly singly charged ions. (C) Nomenclature
of peptide fragment ions according to Roepstorff and Fohlman (1984) and
Biemann (1990).
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abundant proteins can “mask” low abundant cross-linked interac-

tors. The key to a more sensitive detection of these less prevalent

protein interactions is the enrichment of cross-links at either the

protein or peptide level. Cross-link enrichment was first achieved

using cross-linking reagents that harbor a biotin tag to facilitate

affinity purification (Alley et al, 2000; Trester-Zedlitz et al, 2003).

More recently, biotin-labeled cleavable cross-linkers, so-called

protein interaction reporters, have been introduced (the general util-

ity of cleavable cross-linkers is discussed in the next paragraph).

These cross-linkers were applied to enrich and identify cross-linked

peptides from intact bacterial and human cells (Zheng et al, 2011;

Chavez et al, 2013; Weisbrod et al, 2013; Navare et al, 2015). Simi-

larly complex samples were probed by using a non-cleavable cross-

linker with a removable biotin label (Tan et al, 2016) as well as

cleavable cross-linkers that can be biotinylated after the cross-

linking reaction (Kaake et al, 2014) or enriched by two-dimensional

strong cation exchange chromatography (Buncherd et al, 2014).

Complementary to these cross-linker-based enrichment strategies,
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Figure 4. Complementary biomolecular MS data exemplified using the human hemoglobin model system.
(A) Schematic of native holo-hemoglobin and its constituents: two a-chains, two b-chains, and 4 heme groups. (B) Cross-linking-MS. The displayed MS2 spectrum represents
two linked peptides derived from cross-linked holo-hemoglobin. The ion signals, shown as blue and red sticks, correspond to specific fragments of the cross-linked peptides.
These fragment ions enable the sequencing of both peptides and the localization of their linkage site, as indicated by the fragment ion map in the inset. Since two residues are
only cross-linked if they are in close spatial proximity, the identified cross-link gives insights into the in-solution structure of holo-hemoglobin. (C) HDX-MS. Shown are the
isotope distributions of the same peptide derived from either holo-hemoglobin (left panel) or the free hemoglobin a-chain (right panel) after theywere separately incubated in
D2O-containing buffer. The incubations were quenched at three different time points. The isotope distribution remains at the samem/z position, when the peptide is derived
fromholo-hemoglobin, whereas it graduallymoves to higherm/z, when the peptide is derived from the free a-chain. This shows that only in the free a-chain, the peptide is able
to take up the heavy deuterium isotope. Consequently, the peptide is solvent accessible in the free a-chain, whereas it is solvent protected in holo-hemoglobin. (D) Protein-
centricMS.Mass spectra of non-digested hemoglobinwere acquired under denaturing (uppermass spectrum) and native (lowermass spectrum) conditions. Under denaturing
conditions, all signals are concentrated in the lowm/z region since the ions of theunfoldedproteins are highly charged. The inset illustrates that theheme cofactor is present as a
singly charged ion (brown), whereas the hemoglobin a-chain (red) and b-chain (blue) are detected in several charge states. From these charge state envelopes, their accurate
molecular masses can be derived (a-chain = 15,155 ! 1 Da, b-chain = 15,895 ! 1 Da, heme = 616.5 Da). In the native mass spectrum, the signals are shifted to higherm/z,
indicating that hemoglobin is detected in its folded state (see main text). The molecular weight can be calculated as 64,588 ! 41 Da. Together with the constituent masses
derived from the denaturing MS experiment, this result unambiguously evidences that holo-hemoglobin is an a2b2 heterotetramer with four bound heme ligands.
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Directly Obtaining Both Proteomics and Structural 
Information by Native Top-Down MS?

• High resolution 
• High mass accuracy 
• Multiple fragmentation techniques

➢ Native MS for macromolecular complexes 
➢ Top-down capability

CAD

IRMPD

ECD 
ExD

ETD

ISD

1~2 µL, 3~20 µM 
 in ~200 mM NH4OAc

15-Tesla

From Huilin Li



ECD yields N-terminal 89 residues…

zinc-binding site mutation (V58T)

V (99.06841 Da)

putative PTM 

5000 10000 15000 20000 m/z

Product ions

(yADH, 147 kDa)

Native Top-Down MS  
─ Harvest the synergy between proteomics and native MS

Li, H. et al. J. Am. Soc. Mass Spectrom. 2014. 25, 2060-2068. 



Overall, 40% 
sequence coverage

Li, H. et al. J. Am. Soc. Mass Spectrom. 2014. 25, 2060-2068. 

Zn2+-bindingputative PTM

E:S≈4:1

hADH (80 kDa)
3500 5500 m/z

21+

All Information in One Experiment



Li, H. et al. Anal. Chem. 2014. 86, 317-320 

ECD Reveals Outer Surface Residues of Aldolase 
Tetramer (158 kDa)



Revealing Structural Similarity upon Metal Binding

❖ Cu (His 46, 48, 63 and 120) 

❖ Zn (His 63, 71, 80, and Asp 83) 

❖ Disulfide bond (Cys57 and Cys146)β1β2β3β6
β4

β5
β7
β8

SOD1

Green: Apo-WT SOD1; Cyan: Zn-SOD1; Purple: Cu,Zn-SOD1

Ligand-binding PTMs to function Membrane proteins

Li, H. et al. Anal. Chem. 2017. 89, 2731-2738 
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Revealing Structural Difference upon Metal Binding
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2D-MS 
Tri Acyl Glycerol (TAG)
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NMR - MS what’s in common ?

• Fourier transform

FT-ICR MS NMR

• A Magnet 
• Fourier transform
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Fourier Transform

F (�) =
� ⇥

�⇥
f(t)e�2i⇥�tdt

f(t) : R� C
F (�) : R� C

F : f(t) F⇥� F (�)

Jean Baptiste Joseph Fourier 
(21 Mars 1768 – 16 Mai 1830)
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1D FT-ICR

both their cyclotron radius (i.e., to the product of their
cyclotron frequency and t1) and their abundance. The rela-
tive ICR signal magnitude of the product ions is proportion-
al to their abundance, i.e., to the radius of their precursors,
which is determined by the product of the cyclotron fre-
quency of these precursors and t1.

CH5
+ is a product ion which is created by ion–molecule

reactions between CH4
•+ and neutral methane [40]. The fre-

quency of the relative ICR signal magnitude of CH5
+ in the t1

interval is therefore equal to the cyclotron frequency of its
CH4

•+ precursor. This is evident in Fig. 2, where the CH5
+

peak is maximum when the CH4
•+ peak is also maximum.

CH3
+ is both a precursor that is present at the start of the pulse

sequence and a product of collisions involving CH4
•+. Its ICR

signal therefore has two frequencies in the t1 interval: its own
cyclotron frequency and the cyclotron frequency of CH4

•+.
By recording FT-ICR mass spectra using systematically

incremented durations t10n1×Δt1 (in which n1 is the num-
ber of increments, with n1

max giving the resolution in the
vertical dimension, and Δt1 the increment, which gives us
the sampling rate and the Nyquist frequency, i.e., the lowest
m/z ratio in the vertical dimension), one can observe the
modulations of the relative ICR signal magnitude of all ions
in a sample and correlate them with the relative ICR signal
magnitudes of their fragments. It is sufficient to calculate the
Fourier transform of each time transient recorded as a

function of the detection interval t2 and to calculate another
Fourier transform as a function of the evolution interval t1.
In the resulting 2D cyclotron frequency spectrum, all frag-
ment ion peaks appear along the ω2 axis (usually plotted
horizontally) and their precursors appear along the ω1 axis
(which is by convention plotted vertically).

This pulse sequence has the potential to offer an efficient
alternative to FT-ICR MS/MS. Indeed, whereas in MS/MS
the ions of interest must first be identified by the user before
setting the isolation and fragmentation parameters, in 2D
FT-ICR MS all ions in the sample can be fragmented at the
same time. Furthermore, ion isolation can lead to ion losses
and therefore to losses in sensitivity. In a 2D FT-ICR MS
experiment, the ions need not be isolated in the ICR cell.
Finally, because of the properties of the Fourier transform,
all time transients that are acquired contribute to the signal-
to-noise ratio of all ion species in the sample, both of
precursor ions and of their fragments, whereas in MS/MS
the time transients that are accumulated for each spectrum
only serve to improve the signal-to-noise ratio of one se-
lected parent ion and its fragments [41].

Pfändler et al. recognized that CID and ion–molecule
reactions are not the only fragmentation modes that can be
used for 2D FT-ICR MS: any process leading to new ions
whose efficiency depends on the cyclotron radius of the
precursor ions can be used. In a subsequent study, they

Fig. 2 Pulse sequence of 2D
Fourier transform ICR (FT-
ICR) mass spectrometry (MS)
proposed by Pfändler et al. (top)
and evolution of the product ion
peaks induced by ionizing
methane by electron ionization
with the evolution interval t1
between the first two radiofre-
quency pulses (bottom). ECD
electron capture dissociation,
IRMPD infrared multiphoton
dissociation. (Adapted with
permission from Pfaendler et al.
[37])
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At first sight, it may appear that the 2D NMR 
experiment cannot have a counterpart in ICR, since 
there is no such thing as a “90” pulse” in ICR. For- 
tunately, the use of 90” pulses is not essential. Indeed, 
it has recently been demonstrated [ 201 that the 2D 
exchange NMR experiment can also be carried out 
with shorter pulses, in such a manner that the 
response remains confined to the linear regime. By 
analogy, the sequence of eq. (2) should therefore be 
directly applicable to ICR. Indeed, it is easy to show 
that, after excitation by the first pulse to a cyclotron 
trajectory, the ions can be brought back to an inco- 
herent state by the second pulse if the phase accu- 
mulated in the tl interval corresponds to an odd 
multiple of x, 

rR,t,=(2k+1)x, k=O, 1,2 ,...) (3) 
where In, is the offset of the frequency of the ions A+ 
from the carrier frequency of the rf field. In the 2D 
ICR sequence, there is no coherence in the T, inter- 
val if eq. (3) is fulfilled. A similar “de-excitation” 
process can be observed when two pulses with a 180” 
phase shift are applied in immediate succession [ 171. 

In the NMR experiment, the signal is a sinusoidal 
function of the phase &t,. In ICR however, a devia- 
tion from the condition of eq. (3)) where the signal 
is maximum, leads to a rather dramatic drop in sig- 
nal intensity. In this case, the ions are not properly 
“de-excited”, but gradually lose their phase coher- 
ence during the interval r,,, (typically a few sec- 
onds) , mostly because of ion-molecule collisions and 
ion-ion Coulomb interactions. The resulting state, 
which is incoherent but still thermally excited, does 
not lend itself to be transformed again into an 
observable coherent state by the last pulse P3. For 
this reason, we do not expect a sinusoidal depen- 
dence on L&t, in ICR. In the t, domain, one observes 
a series of narrow peaks when eq. (3) is fulfilled, as 
illustrated in fig. la. Consequently, a Fourier trans- 
formation with respect to t, leads to a spectrum which 
contains a set of harmonics at w , = 0, Sz,, Zln,, 3Q,, 
etc., with alternating signs (fig. lb). Clearly, these 
sidebands make the interpretation of 2D ICR spec- 
tra more difficult. Their appearance indicates that 
the Fourier transformation is not truly adequate for 
this kind of signal. Alternative approaches such as 
maximum entropy methods (MEM) appear prom- 
ising in this context [21-271. 

1 A'lb 1, (ms) 

I b 

‘I 
I 

0 “A 2% 3% w 

Fig. 1. (a) Modulation as a function of t, of the ICR signal S( t,, 
wz) of *‘Br-pyridine’ obtained with the pulse sequence of eq. 
(2). The rf carrier was positioned at an offset SL,lZr =760 Hz. 
The sharp peaks in the 1, domain occur when eq. (3) is fulfilled, 
i.e. at intervals of 1.32 ms (digitization intervals At, = 166 us). 
For these conditions, the second pulse P2 in the sequence has the 
effect of “de-exciting” the ions that were initially excited by the 
first pulse Pl, so that they have almost vanishing kinetic energy 
in the reaction interval T,,,, and can be brought back into cyclo- 
tron orbits by the last pulse P3. (b) Fourier transform of (a), 
showing even- and odd-ordered sidebands with positive and neg- 
ative amplitudes respectively. 

In practice, it is difficult to use monochromatic 
pulses of sufficient strength to cover a wide range of 
masses. We consider three possible strategies: 

(i) Single-frequency  20 ICR, suitable for pro- 
cesses where reactants and products have similar 
masses, so that all relevant resonances can be excited 
with the same rf frequency. 

(ii) Chirped-frequency  20 ICR, suitable to cover, 
at least in principle, arbitrary bandwidths. For this 
purpose, the rf frequency of each of the three pulses 
in the sequence of eq. (2) is rapidly swept through 
the relevant range. 

(iii) Dual-fequency  20 ICR, suitable for pro- 
cesses where the frequencies involved fall into two 
distinct windows. In this case, we propose to use two 
different rf carrier frequencies: 

(4) 
where the superscripts indicate that the rf pulses must 
be applied in the vicinity of the resonance frequen- 
cies of ions A+ and B+, respectively, in order to 
monitor a process of the type A++B+. This scheme 
is related to heteronuclear 2D NMR spectroscopy 

197 

Volume 138, number 2,3 CHEMICAL PHYSICS LETTERS 17 July 1987 

200 J I 

Fig. 3. Two-dimensional ICR spectrum obtained with the dual- 
frequency scheme of eq. (4)) to investigate the conversion of 
CHrCO+ to CH&+ (OH)CH3 according to eq. (6). In the con- 
ventional w2 domain (shown vertically here), a single resonance 
appears at 100 Hz, corresponding to the offset of 
CH,C+ ( OH)CHJ with respect to the t-f carrier of the last pulse. 
In the (horizontal) w , domain, a family of sidebands appears at 
multiples of 79 Hz, corresponding to the offset of the CHrCO+ 
resonance with respect to the rf carrier of the first two pulses. 
Spectral widths of the full matrix 500x  500 Hz (only 40% shown), 
56 x 4048 data points before, 128 x4048 after zero-filling, line- 
broadening 30 Hz and 20 Hz in w I and w2 respectively. 

For the first two pulses, the carrier was positioned at 
an offset of 79 Hz from fo, and for the last pulse at 
100 Hz from f,. The resulting 2D ICR spectrum is 
shown in fig. 3. The presence of a cross peak 
wJ2x = 100 Hz and at w,/2rc = 79 Hz (again asso- 
ciated with a family of sidebands at multiples of 79 
Hz in the o1 domain) clearly proves that the reac- 
tion of eq. (6) has occurred. 

Preliminary experiments indicate that 2D ICR 
spectra can readily be obtained by inserting chirped 
pulses in the sequence of eq. (2), in such a manner 
that bandwidth limitations are largely avoided. A 
detailed discussion of this type of experiment will be 
the subject of a later report. 

It is important to note that traditional one-dimen- 
sional double-resonance ICR experiments [ 21 could 
provide much the same type of information as 2D 
ICR. Thus for an arbitrary reaction A++B+ one 
could eject the B+ ions from the cavity with a selec- 
tive irradiation at&, and monitor the recovery of the 
population of these ions due to the A++B+ reac- 
tion. Much the same holds for NMR: one may selec- 
tively saturate a resonance B, and monitor its 
subsequent recovery [ 31 due to the conversion A-+B 
(one should of course make allowance for the recov- 
ery of the B magnetization due to spin-lattice relax- 
ation, but no such complication occurs in ICR) . Thus 
at first sight, 2D spectroscopy does not bring to light 
any genuinely novel mechanism, be it in ICR or in 

NMR. Yet there are numerous advantages of the 2D 
approach, most notably the ability to study complex 
networks, where a manifold of exchange processes 
occur simultaneously. 

This research was supported in part by the Swiss 
National Science Foundation (grants No. 2.925-0.85 
and 2.673-0.85) and by a grant from Spectrospin AG 
( FUanden, Zurich). 
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Two-dimensional Fourier transform (2D FT) spectroscopy is applied to ion cyclotron resonance (ICR) to obtain direct evi- 
dence for mass transfer due to ion-molecule collisions. The 2D FI ICR experiment, which is closely analogous to 2D exchange 
NMR spectroscopy (NOESY), yields similar information to tandem mass spectroscopy (MS/MS), but could in principle be 
extended to study a manifold of mass-transfer processes simultaneously. 

The versatility, sensitivity and resolution achieved 
in ion cyclotron resonance (ICR) make it a method 
of choice for mass spectroscopy [ 11. Different types 
of gas-phase reactions can be monitored: not only the 
products of ion-molecule collisions, but also uni- 
molecular fragmentations can be observed under 
high-resolution conditions. In both cases, the kinet- 
ics can be monitored by well-established double-res- 
onance techniques [ 21, which are closely related to 
the selective saturation methods that enjoy wide- 
spread popularity in NMR [ 31. In the context of ICR, 
a typical double-resonance experiment consists of 
first ejecting all but one selected species from the ion- 
trapping cell. One may then monitor the appearance 
of new ionic species induced either by activation of 
the reactants, in analogy with MS/MS techniques [ 41, 
or by reactions with neutral molecules. 

In NMR, the advent of two-dimensional Fourier 
spectroscopy has had a considerable impact in recent 
years [S-8]. The new NMR methods may be broadly 
classified into two groups: (i) techniques such as 2D 
correlation spectroscopy (“COSY”), which may be 
used to explore the connectivities of transitions in 
systems with many energy levels [ 91, and (ii) meth- 
ods such as 2D exchange spectroscopy (“NOESY”) 
designed for studying dynamic processes like chem- 
ical reactions, isomerizations, etc. [ 10,111. 

It has often been suggested that the basic ideas 
underlying 2D NMR methods could be transferred 
to other fields of spectroscopy where pulsed excita- 
tion can be used, such as electron spin resonance 
(ESR), rotational microwave spectroscopy (MW) 
and ion cyclotron resonance (ICR). In some of these 
potential applications (e.g. in microwave spectros- 
copy [ 12]), it might be fruitful to explore connec- 
tivities, while in other areas (e.g. in ICR) the main 
purpose of 2D spectroscopy would be to obtain 
insight into dynamic processes. 

To our knowledge, the only successful application 
of 2D spectroscopy reported so far outside the field 
of NMR is in ESR, where Gorcester and Freed have 
recently shown that 2D exchange spectroscopy can 
be used to measure Heisenberg-spin exchange 
between the hypertine multiplet lines in isotropic 
solutions of nitroxide radicals [ 131. Apart from this 
example, the cross fertilisation between different 
fields seems to be hampered by at least two factors: 

(i) Uncertainties regarding the behaviour of the 
relevant physical quantities: Thus the question arises, 
for example, to what extend coherently resonating 
ions in ICR can be expected to behave like trans- 
verse magnetization in NMR. 

(ii) The anticipated applications of 2D spectros- 
copy in fields other than NMR are likely to be 
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Figure 3. Broad-band 2D FT-ICR spectra S ( f I , w 2 )  of methane CH,, 
shown in absolute value mode prior to Fourier transformation with re- 
spect to f I .  The reaction interval i, was 500 ms. The evolution time t l  
was incremented in 120 steps of 1 ps, with 1K data points recorded in 
f 2 .  The light primary ion CH3+ features a slow f ,  modulation, because 
its high cyclotron frequency is near to the initial rf frequency of the 
chirped pulses. 

of the rf source in the t ,  period. In our experiments, this rf 
frequency corresponds to the initial (highest) frequency of the 
chirp. The remaining constant terms in eq 5 do not influence the 
frequencies in the spectrum but merely affect the phases of the 
signals. These phase terms are not relevant in our broad-band 
2D experiments since we use absolute value representations6 

If the relative phase of eq 5 is an odd multiple of x ,  the ions 
will spiral inward during the 7, interval of the second rf pulse and 
will be robbed of most of their kinetic energy, just as in the 
monochromatic 2D experiment. The population of the resulting 
"cold" A+ ions is therefore modulated by [anA - olrf]tl. If both 
pulses PI  and P2 are relatively weak, so that the radius of the 
trajectory in t l  is about 20-50% of the optimum radius, the 
modulation is again found to be approximately cosinusoidal. The 
use of relatively weak rf pulses makes it possible to avoid the 
appearance of signals a t  harmonic frequencies in the w 1  domain 
of the 2D spectrum.' Note that in practice the rf field experienced 
by the ions in the cell is a function of their cyclotron radius.14 
After ion-molecule collisions, fragmentation, or photodissociation 
according to the scheme A+ + C - B+ + D, the resulting product 
ions B+ are re-excited in the usual manner by the third pulse in 
the sequence of eq 1. Normally, the third pulse is also chirped, 
and the signal is observed in the t 2  period without heterodyne 
detection, so that the frequencies in the w2 domain correspond 
to the true (laboratory frame) cyclotron frequencies rather than 
to the offset with respect to an rf carrier frequency. The signal 
of an ion B+, observed at w2 = wB, is modulated by the offset [wA 
- wlrf]  of its precursor A+, and cross-peaks appear if a reaction 
has taken place. 

To illustrate the potential of 2D FT-ICR, we have chosen two 
very simple cases, both involving methane. This choice was 
suggested by the fact that, because of the inverse proportionality 
of cyclotron frequencies and mass-to-charge ratios, the demands 
on the bandwidth are greatest if one considers a mixture of light 
ions such as CH3+ and ions that have more than twice the mass 
such as C2D,+. 

Figure 3 shows a mixed time/frequency domain representation 
of broad-band 2D FT-ICR spectra of methane. Ionization pro- 
duces only the two primary ions CH3+ and CH4'+. One also 
observes secondary ions CHS+, but these signals are modulated 
as a function of t l  at the same frequency as the CHI'+ signals, 
providing evidence that the secondary CH5+ ions are daughters 
of the primary ions CHI'+. 

This relationship may be appreciated much more readily after 
Fourier transformation with respect to t l .  The two-dimensional 

(14)  Huang, S .  K.; Rempel, D. L.: Gross, M .  L. Int .  J .  Mass Spectrom. 
Ion Processes 1986, 72, 15. 
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Figure 4. Two-dimensional broad-band FT-ICR spectrum S ( w l , w 2 )  of 
methane CHI, derived from the data shown in part in Figure 3. The 
matrix of 120 X 1K was extended to 256 X 2K by zero-filling prior to 
Fourier transformation. The spectrum is shown in absolute value mode. 
Higher contours have been filled in to enhance contrast. The dashed line 
of primary ions features resonances due to CH3+ and CH,", analogous 
to diagonal peaks in 2D NMR. The dotted lines indicate how the 
modulation of the primary ion CH4'+ is transferred to the daughter ions 
CH3+ and CH5+, as evidenced by two cross-peaks emphasized by arrows. 
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of new double-quadrupole time-of-flight instruments during
the elution time of a chromatographically windowed MS
selection covering the full useful mass range [52].

Recent developments in 2D FT-ICR MS

Since 2000, considerable advances have been made in main-
stream computer capacity: from 2003 onwards, personal
computers have been equipped with 64-bit processors, file
systems, and improved operating systems. This increased
speed, accuracy, the size of data files (which increased from
1 GB to 4 PB), and the size of accessible memory. The
storage capacities of hard drive disks improved dramatically
(the terabyte limit was broken in 2007), which facilitates the
recording of large data sets. The electronics of FT-ICR MS
acquisition systems have been fully digitized, thereby mak-
ing excitation pulses very stable and allowing easy changes
of the experimental protocol.

In this context, revisiting 2D FT-ICR MS in order to turn
it into a fully fledged, high-resolution analytical technique
became possible. In addition to the advances in data acqui-
sition and processing, gas-free fragmentation techniques
such as IRMPD and ECD have become routinely available
on commercial FT-ICR instruments [53]. Because no gas
needs to be injected into the ICR cell, the ions do not
undergo collisions with neutrals and ion packets remain
coherent. The use of ECD or IRMPD therefore improves
both the sensitivity and the resolution of MS/MS and 2D
FT-ICR MS.

In 2010, we implemented Pfändler’s experiment on a 9.4-
T ApexQE FT-ICR instrument from Bruker Daltonics (Bre-
men, Germany) with a positive nanoESI ion source and
IRMPD as a fragmentation method [54]. Because of the
improvements in FT-ICR technology, we were able to re-
cord time transients over an analytically useful mass range
(m/z 87.67-2,000) in the (horizontal) 5 2 domain. The incre-
ment of the evolution time was Δt100.3 μs, which corre-
sponds to a maximum measured frequency of 1.667 MHz
and an m/z 87.67-2,000 mass range in the (vertical) 5 1

domain.
Despite recent advances in computer technology, the size

of the data sets that we were able to record did not afford the
kind of resolution that FT-ICR MS users would like to see:
the data-processing program that we used, NMR Processing
Kernel, had been developed for NMR spectroscopy [55], in
which data sets are typically much smaller than in FT-ICR
MS, and had been written in 32-bit code. To acquire enough
time transients as a function of t1 to resolve the ions in the
“vertical” 5 1 dimension, we had to sacrifice high resolution
in the “horizontal” 5 2 dimension. We recorded 2D mass
spectra with 2,048 time transients comprising 32,768 data
points each, leading to a file size of 256 MB.

The samples we used in this study were well-known
peptides, angiotensin I, fragment 1–8 of bradykinin, and
substance P. In Fig. 3 we show the 2D FT-ICR MS spectrum
of fragment 1–8 of bradykinin with a number of in-source
fragments, which are precursor ions in the ICR cell. The 2D
mass spectrum features several characteristic lines: the au-
tocorrelation line (circled), which shows the modulation of
the relative ICR signal magnitude of the precursor ions with
their own cyclotron frequencies, the “horizontal” spectra of
fragment ions (horizontal fragment ion spectrum), and the
“vertical” spectra of precursor ions (vertical precursor ion
spectrum). A short glossary for 2D MS can be found at the
end of this article.

We observed fragments similar to those obtained in
IRMPD MS/MS spectra, albeit with low intensities because
they were excited three times less than their precursor ions.
We also observed harmonics of each peak in the vertical
dimension because the cyclotron radii of the ions are not
modulated sinusoidally, as predicted by Guan and Jones
[56]. Horizontally, the resolution of the peaks increases with
cyclotron frequency and decreases with m/z ratio, as
expected from Fourier analysis. The resolution in the verti-
cal domain showed the same behavior, i.e., it is inversely
proportional to m and did not depend on the cyclotron
frequency in the horizontal domain. Finally, we observed
considerable scintillation noise, which led to vertical stripes
in the 2D spectrum at the frequencies of the most intense
peaks.

Scintillation noise proved to be a significant problem in
2D FT-ICR MS spectra because spurious peaks can lead to
errors in determining fragmentation paths. To remove scin-
tillation noise from 2D mass spectra, we applied an algo-
rithm based on singular value decomposition that was

Fig. 3 Two-dimensional FT-ICR MS spectrum of bradykinin using
IRMPD fragmentation and Cadzow denoising (30 lines). Inserts
enlargements of the b6→b6-H2O and the b6→b2 peaks. The autocor-
relation line is circled. (Data published in van Agthoven et al. [59]
reprocessed)
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both their cyclotron radius (i.e., to the product of their
cyclotron frequency and t1) and their abundance. The rela-
tive ICR signal magnitude of the product ions is proportion-
al to their abundance, i.e., to the radius of their precursors,
which is determined by the product of the cyclotron fre-
quency of these precursors and t1.

CH5
+ is a product ion which is created by ion–molecule

reactions between CH4
•+ and neutral methane [40]. The fre-

quency of the relative ICR signal magnitude of CH5
+ in the t1

interval is therefore equal to the cyclotron frequency of its
CH4

•+ precursor. This is evident in Fig. 2, where the CH5
+

peak is maximum when the CH4
•+ peak is also maximum.

CH3
+ is both a precursor that is present at the start of the pulse

sequence and a product of collisions involving CH4
•+. Its ICR

signal therefore has two frequencies in the t1 interval: its own
cyclotron frequency and the cyclotron frequency of CH4

•+.
By recording FT-ICR mass spectra using systematically

incremented durations t10n1×Δt1 (in which n1 is the num-
ber of increments, with n1

max giving the resolution in the
vertical dimension, and Δt1 the increment, which gives us
the sampling rate and the Nyquist frequency, i.e., the lowest
m/z ratio in the vertical dimension), one can observe the
modulations of the relative ICR signal magnitude of all ions
in a sample and correlate them with the relative ICR signal
magnitudes of their fragments. It is sufficient to calculate the
Fourier transform of each time transient recorded as a

function of the detection interval t2 and to calculate another
Fourier transform as a function of the evolution interval t1.
In the resulting 2D cyclotron frequency spectrum, all frag-
ment ion peaks appear along the ω2 axis (usually plotted
horizontally) and their precursors appear along the ω1 axis
(which is by convention plotted vertically).

This pulse sequence has the potential to offer an efficient
alternative to FT-ICR MS/MS. Indeed, whereas in MS/MS
the ions of interest must first be identified by the user before
setting the isolation and fragmentation parameters, in 2D
FT-ICR MS all ions in the sample can be fragmented at the
same time. Furthermore, ion isolation can lead to ion losses
and therefore to losses in sensitivity. In a 2D FT-ICR MS
experiment, the ions need not be isolated in the ICR cell.
Finally, because of the properties of the Fourier transform,
all time transients that are acquired contribute to the signal-
to-noise ratio of all ion species in the sample, both of
precursor ions and of their fragments, whereas in MS/MS
the time transients that are accumulated for each spectrum
only serve to improve the signal-to-noise ratio of one se-
lected parent ion and its fragments [41].

Pfändler et al. recognized that CID and ion–molecule
reactions are not the only fragmentation modes that can be
used for 2D FT-ICR MS: any process leading to new ions
whose efficiency depends on the cyclotron radius of the
precursor ions can be used. In a subsequent study, they

Fig. 2 Pulse sequence of 2D
Fourier transform ICR (FT-
ICR) mass spectrometry (MS)
proposed by Pfändler et al. (top)
and evolution of the product ion
peaks induced by ionizing
methane by electron ionization
with the evolution interval t1
between the first two radiofre-
quency pulses (bottom). ECD
electron capture dissociation,
IRMPD infrared multiphoton
dissociation. (Adapted with
permission from Pfaendler et al.
[37])
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both their cyclotron radius (i.e., to the product of their
cyclotron frequency and t1) and their abundance. The rela-
tive ICR signal magnitude of the product ions is proportion-
al to their abundance, i.e., to the radius of their precursors,
which is determined by the product of the cyclotron fre-
quency of these precursors and t1.

CH5
+ is a product ion which is created by ion–molecule

reactions between CH4
•+ and neutral methane [40]. The fre-

quency of the relative ICR signal magnitude of CH5
+ in the t1

interval is therefore equal to the cyclotron frequency of its
CH4

•+ precursor. This is evident in Fig. 2, where the CH5
+

peak is maximum when the CH4
•+ peak is also maximum.

CH3
+ is both a precursor that is present at the start of the pulse

sequence and a product of collisions involving CH4
•+. Its ICR

signal therefore has two frequencies in the t1 interval: its own
cyclotron frequency and the cyclotron frequency of CH4

•+.
By recording FT-ICR mass spectra using systematically

incremented durations t10n1×Δt1 (in which n1 is the num-
ber of increments, with n1

max giving the resolution in the
vertical dimension, and Δt1 the increment, which gives us
the sampling rate and the Nyquist frequency, i.e., the lowest
m/z ratio in the vertical dimension), one can observe the
modulations of the relative ICR signal magnitude of all ions
in a sample and correlate them with the relative ICR signal
magnitudes of their fragments. It is sufficient to calculate the
Fourier transform of each time transient recorded as a

function of the detection interval t2 and to calculate another
Fourier transform as a function of the evolution interval t1.
In the resulting 2D cyclotron frequency spectrum, all frag-
ment ion peaks appear along the ω2 axis (usually plotted
horizontally) and their precursors appear along the ω1 axis
(which is by convention plotted vertically).

This pulse sequence has the potential to offer an efficient
alternative to FT-ICR MS/MS. Indeed, whereas in MS/MS
the ions of interest must first be identified by the user before
setting the isolation and fragmentation parameters, in 2D
FT-ICR MS all ions in the sample can be fragmented at the
same time. Furthermore, ion isolation can lead to ion losses
and therefore to losses in sensitivity. In a 2D FT-ICR MS
experiment, the ions need not be isolated in the ICR cell.
Finally, because of the properties of the Fourier transform,
all time transients that are acquired contribute to the signal-
to-noise ratio of all ion species in the sample, both of
precursor ions and of their fragments, whereas in MS/MS
the time transients that are accumulated for each spectrum
only serve to improve the signal-to-noise ratio of one se-
lected parent ion and its fragments [41].

Pfändler et al. recognized that CID and ion–molecule
reactions are not the only fragmentation modes that can be
used for 2D FT-ICR MS: any process leading to new ions
whose efficiency depends on the cyclotron radius of the
precursor ions can be used. In a subsequent study, they

Fig. 2 Pulse sequence of 2D
Fourier transform ICR (FT-
ICR) mass spectrometry (MS)
proposed by Pfändler et al. (top)
and evolution of the product ion
peaks induced by ionizing
methane by electron ionization
with the evolution interval t1
between the first two radiofre-
quency pulses (bottom). ECD
electron capture dissociation,
IRMPD infrared multiphoton
dissociation. (Adapted with
permission from Pfaendler et al.
[37])

Towards analytically useful 2D FT-ICR MS 55

Author's personal copy

/
p

1 + cos(!t1)
π  π/20

Principle of 2D FT-ICR

Role of Excitation 
and Encoding Pulses

Laser or ECD beam d(t1, t2)
FT (t1,t2)�������! D(!1,!2)



• Rénafobis Oléron - 2017 •

exploration of the 2D map
• following alignments

resonance (NMR) spectroscopy. However, unlike NMR spec-
troscopy, the potential of multidimensional FT-ICRMS remains
largely unexplored. First introduced by Pfaendler et al. in 1987
[4], two-dimensional FT-ICRMS (2D FT-ICRMS) relies on ion
de-excitation by phase reversal of the excitation voltage [5]. The
basic pulse sequence for 2D FT-ICR MS, shown in Scheme 1,
has two encoding pulses separated by a regularly incremented
delay t1. At the end of the second encoding pulse, the precursor
ion’s cyclotron radius is modulated according to t1 and its
cyclotron frequency [6]. During the subsequent fragmentation
period, the precursor ion fragmentation efficiency as well as the
fragment ion abundance depends on the radius of the precursor
ion at the end of the encoding sequence (see Scheme 1). After
fragmentation, all ions are excited to high radius and detected.
The resulting dataset can be Fourier transformed along the
detection (t2) and the delay (t1) dimensions.

As the fragmentation efficiency of the precursor ions and the
abundance of the fragment ions are both modulated according
to the cyclotron frequency of the precursor, the resulting 2D
map in the m/z domain, or 2D mass spectrum, shows peaks for
each dissociation in which the first coordinate (chosen by
convention to be the horizontal axis) is the fragment m/z, and
the second coordinate (by convention, the vertical axis) is the
precursor m/z. Scheme 2 shows a diagram of a 2D mass spec-
trum and how to interpret it. Significant lines in a 2D mass
spectrum include the autocorrelation line, which shows the m/z
of all the precursors, horizontal fragment ion scans, which show
the fragmentation pattern of a given precursor ion, and vertical
scans, which show all the precursors of a given fragment ion [7].

2D FT-ICR MS was first used in conjunction with ion-
molecule reactions [8] and infrared multiphoton dissociation
(IRMPD) [9]. Due to limitations in computer hardware, how-
ever, 2D FT-ICR MS was not developed much further, despite
Ross et al. developing an alternative ion radius modulation
method, stored waveform ion radius modulation (SWIM) [10,
11], which was also used by van der Rest andMarshall to study
noise phenomena in 2Dmass spectra [12]. In 2010, 2D FT-ICR
MS using the original pulse sequence was implemented again
using IRMPD [13] and electron capture dissociation (ECD)
[14] for peptides from a nanoelectrospray ion source. Advances
in data processing and denoising algorithms were made [15,
16], and the pulse sequence was optimized in order to maxi-
mize signal-to-noise ratios [17].

This study shows the first coupling of 2D FT-ICR MS with
an atmospheric pressure photoionization (APPI) [18, 19]
source, which, as a continuous ion source for both polar and
nonpolar compounds [20, 21], is a natural expansion for 2D

FT-ICR MS. APPI can produce both radical and protonated
species, and limited oxidation and fragmentation can occur
[22]. Combined with IRMPD as a fragmentation mode, 2D
APPI FT-ICR MS allows the differentiation of the fragmenta-
tion pathways for both radical and protonated species within
the same experiment.

Cholesterol is a compound with well-known fragmentation
patterns that allows the illustration of the use of 2D FT-ICRMS
for small molecules [23]. In concert with high resolution FT-
ICR MS to measure the exact m/z of both precursor and
fragment ions, 2D FT-ICR MS showed the fragmentation
pathways of cholesterol and structural information of the
front-end fragment ions or oxidized ions [22] as well as con-
taminants in the sample.

Experimental
A solution of cholesterol (Sigma Aldrich, Dorset, UK) was
prepared at 100 pmol/μL in acetonitrile (VWR International,
Ltd., Lutterworth, United Kingdom) and water (75:25). The
water was purified using a Direct-Q 3 Ultrapure Water System
(Millipore, Nottingham, United Kingdom).

The sample was ionized using an APPI II ion source with a
krypton lamp (Bruker Daltonik GmbH, Bremen, Germany).
The syringe flow rate was 600 μL/h, the capillary voltage was
+1500 V, the spray shield offset voltage was –500 V, the
nebulizer gas (N2) pressure was 0.8 bar at 350°C, and the
heated drying gas (N2) flow pressure was 0.8 bar at 250°C.
All experiments were performed on a 12 T solariX Fourier
transform ion cyclotron resonance mass spectrometer (Bruker
Daltonik GmbH, Bremen, Germany). Ions were transferred
through two electronic ion funnels and a quadrupole before
being accumulated in a hexapole-based collision cell for 0.1 s.
A hexapole ion guide (4MHz frequency at 350 Vppwith –10 V
on the entrance lens and –8.0 V on the analyzer entrance lens
before trapping) was used to transfer the ions to the infinity cell
[24]. Ions were then transferred to the infinity cell through aScheme 1. Pulse sequence of the 2D FT-ICR MS experiment

Scheme 2. Interpretation of a 2D mass spectrum

M. A. van Agthoven et al.: Two Dimensional Fourier Transform MS

both their cyclotron radius (i.e., to the product of their
cyclotron frequency and t1) and their abundance. The rela-
tive ICR signal magnitude of the product ions is proportion-
al to their abundance, i.e., to the radius of their precursors,
which is determined by the product of the cyclotron fre-
quency of these precursors and t1.

CH5
+ is a product ion which is created by ion–molecule

reactions between CH4
•+ and neutral methane [40]. The fre-

quency of the relative ICR signal magnitude of CH5
+ in the t1

interval is therefore equal to the cyclotron frequency of its
CH4

•+ precursor. This is evident in Fig. 2, where the CH5
+

peak is maximum when the CH4
•+ peak is also maximum.

CH3
+ is both a precursor that is present at the start of the pulse

sequence and a product of collisions involving CH4
•+. Its ICR

signal therefore has two frequencies in the t1 interval: its own
cyclotron frequency and the cyclotron frequency of CH4

•+.
By recording FT-ICR mass spectra using systematically

incremented durations t10n1×Δt1 (in which n1 is the num-
ber of increments, with n1

max giving the resolution in the
vertical dimension, and Δt1 the increment, which gives us
the sampling rate and the Nyquist frequency, i.e., the lowest
m/z ratio in the vertical dimension), one can observe the
modulations of the relative ICR signal magnitude of all ions
in a sample and correlate them with the relative ICR signal
magnitudes of their fragments. It is sufficient to calculate the
Fourier transform of each time transient recorded as a

function of the detection interval t2 and to calculate another
Fourier transform as a function of the evolution interval t1.
In the resulting 2D cyclotron frequency spectrum, all frag-
ment ion peaks appear along the ω2 axis (usually plotted
horizontally) and their precursors appear along the ω1 axis
(which is by convention plotted vertically).

This pulse sequence has the potential to offer an efficient
alternative to FT-ICR MS/MS. Indeed, whereas in MS/MS
the ions of interest must first be identified by the user before
setting the isolation and fragmentation parameters, in 2D
FT-ICR MS all ions in the sample can be fragmented at the
same time. Furthermore, ion isolation can lead to ion losses
and therefore to losses in sensitivity. In a 2D FT-ICR MS
experiment, the ions need not be isolated in the ICR cell.
Finally, because of the properties of the Fourier transform,
all time transients that are acquired contribute to the signal-
to-noise ratio of all ion species in the sample, both of
precursor ions and of their fragments, whereas in MS/MS
the time transients that are accumulated for each spectrum
only serve to improve the signal-to-noise ratio of one se-
lected parent ion and its fragments [41].

Pfändler et al. recognized that CID and ion–molecule
reactions are not the only fragmentation modes that can be
used for 2D FT-ICR MS: any process leading to new ions
whose efficiency depends on the cyclotron radius of the
precursor ions can be used. In a subsequent study, they

Fig. 2 Pulse sequence of 2D
Fourier transform ICR (FT-
ICR) mass spectrometry (MS)
proposed by Pfändler et al. (top)
and evolution of the product ion
peaks induced by ionizing
methane by electron ionization
with the evolution interval t1
between the first two radiofre-
quency pulses (bottom). ECD
electron capture dissociation,
IRMPD infrared multiphoton
dissociation. (Adapted with
permission from Pfaendler et al.
[37])
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Top-down proteomics
• Calmoduline 

• 2D FT-ICR IRMPD 
‣ 512 x 4M = 2 Gpoints 
‣ 20 min. acquisition 
‣ R1 ~ 180 
‣ R2 ~ 420.000

Floris, F., van Agthoven, M. A., Chiron, L., Soulby, A., Wootton, C. A., Lam, P. Y., Barrow, M.P., Delsuc, M-
A., O’Connor, P. (2016). J. Am. Soc. MS, 27(9), 1531–1538
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Top-down proteomics
• Calmoduline 

• 2D FT-ICR IRMPD 
‣ 512 x 4M 
‣ 20 min. acquisition 
‣ R1 ~ 180 
‣ R2 ~ 420.000

2D fragment ion scan at 14+



• Rénafobis Oléron - 2017 •

Bottom-up proteomics
• Calmoduline 

• 2D FT-ICR IRMPD 
‣ 4096 x 512k = 2 Gpoint 
‣ 50 min. acquisition 
‣ R1 ~ 1200 
‣ R2 ~ 60.000

18 

 

 

 

Figure 4: Bottom-up analysis of trypsin-digested CaM. The 2D mass spectrum (a) has been acquired 

with 4096 scans of 512k data points over a mass range of m/z 368.2-3000 on the vertical axis and m/z 

147.5-3000 on the horizontal axis. Three ion scans, in different dimensions, are highlighted: b, the 

autocorrelation line, in comparison with the full one dimensional mass spectrum of CaM digest at the 

same conditions; c, a neutral-loss line (information available only in 2D); d, a fragment ion (horizontal) 

scan of the ion m/z 782.380488 in comparison with an IRMPD/FT-ICR MS/MS of the isolated ion with 

the same m/z. 
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Bottom-up proteomics
• Collagen protein 

• complex protein 
‣ heavyly transformed: hydroxy-proline / hydroxy-lysine 
‣ packed helices   and  dense Hbound network 
‣ Bovin Collagen Type1: α1 and α2 chains  (~2x 1400 aa) 
‣ tryptic digest 

Blank regions are low 
complexity, with repetition 
of   X-Y-Gly   pattern

spectrum. Internal calibration and data analysis were per-
formed with Data Analysis software 4.1 (Bruker Daltonics).

Two-dimensional FT-ICR MS measurements

Excitation and encoding pulses (P1 and P2) were swept over a
frequency range between 1.25 MHz to 61.5 kHz, corresponding
to m/z 147–3000. The two identical RF pulses had an overall
duration of 760 µs each, and pulse amplitude 72 Vp–p. A fre-
quency range of 500 kHz to 61.5 kHz was used, giving an m/z
range of 368–3000 in both the horizontal and vertical direc-
tion. Experiments were performed with a Nyquist frequency
fN = 500 kHz, equivalent to a delay increment of Δt1 = 1 µs.
The observe pulse, P3 had an amplitude of 72 Vp–p and lasted
20 µs per frequency step. 4096 × 256k data points were col-
lected, with 1 scan per increment and a total acquisition time
of 1 hour. Precursor ions were fragmented with IRMPD using a

CO2 laser at 50% power, pulse length 0.35 s. Data processing
was performed using the SPIKE data processing programme,28

which has been developed at the University of Strasbourg and
is a complete rewrite of the NMR Processing Kernel (NPK).29

The programme is available at http://www.bitbucket.org/
delsuc/spike. To process the spectrum, a sin(0.5) apodisation
function was used,30 zerofilling 1× in each dimension. The
spectrum is presented in magnitude mode giving a final
resolution at m/z 850 of 13000 horizontally and 630 vertically
(FWHM = 1.3 Da). The data was denoised using the urQRd16

(uncoiled random QR denoising) algorithm prior to visualisation.

Results and discussion
All collagens have a characteristic triple helical structure, con-
taining three parallel polypeptide strands, each in a left-

Fig. 1 FT-ICR mass spectrum of collagen tryptic digest (top) and bovine type I collagen amino acid sequences (bottom). Peaks marked with a circle
were used to calibrate the spectrum, green – HP mix, blue – tryptic peptide. Insets show zoomed in regions around m/z 1100–1125 (right) and m/z
790–850 (left). Sequences shaded in grey correspond to telopeptide regions, underlined peptides have been identified in the spectrum; solid –
sequenced by MS/MS, dashed – no MS/MS data.
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Bottom-up proteomics
• Collagen protein 

• 2D FT-ICR IRMPD 
‣ 4k x 256k = 1 Gpoints 
‣ 60 min. acquisition 
‣ R1 ~ 630 
‣ R2 ~ 13.000  (m/z=850)

handed polyproline II helical conformation and coiled with a
one-residue stagger to form a right-handed triple helix.31,32

Type I bovine collagen is a heterotrimeric triple helix, made
from the maturation of soluble procollagen consisting of two
α1-[1] chains (UniProt entry P02453) and one α2-[1] chain
(UniProt entry P02465). The two polypeptide chains contain
1463 and 1364 amino acids respectively, corresponding to a
theoretical molecular weight of over 406 kDa. In silico digestion
of the collagen chains leads to 681 tryptic peptides, assuming
no missed cleavages and a variable number of oxidised prolines.

Individual collagen triple helices have three regions: the
N-terminal non-helical domain (N-telopeptide), the central
triple helical domain, and the C-terminal helical domain
(C-telopeptide).4 Following synthesis in the endoplasmic reticu-
lum,33 procollagen molecules are secreted into the extracellular
space. The N- and C-propeptides are cleaved, generating the col-
lagen molecule. Type I collagen is heavily glycosylated34–36 and
contains several cross-links, including immature, divalent cross-
links, and mature, trivalent cross-links.37–39

Fig. 1 shows the FT-ICR mass spectrum of the collagen
tryptic digest mixture (assignment table: Table S1†). The

naming system refers to the full polypeptide chain, α1 or α2,
and amino acid position of the tryptic peptide, in the format
[α1/2(xxx–xxx) + nH]n+. Collagens has a distinctive amino acid
sequence, owing to the tight packing of helices, which requires
every third amino acid to be glycine, Gly or G; this pattern gen-
erates the repeating sequence X-Y-Gly, where X and Y can be
any amino acid. Frequently, X and Y are proline, Pro or P, and
hydroxyproline, Hyp or *P, making the Pro-Hyp-Gly triplet the
most commonly observed and accounting for 10.5% of the
protein sequence.40 In the two telopeptide regions, the X-Y-Gly
pattern is not observed, and these areas have been highlighted
in grey in the sequences at the bottom of Fig. 1. In the helical
region, 43% of α1-[1] and 34% of α2-[1] has been assigned by
manually interpreting the 1D mass spectrum. Peak assign-
ments were made with errors routinely <1 ppm, and have an
RMS mass error of 0.79 ppm (see ESI Table S1†). The corres-
ponding positions in the sequence have been underlined in
Fig. 1; solid line for peptides sequenced by MS/MS, dashed
line for peptides identified from the MS spectrum, but not
sequenced by tandem MS. From the zoomed-in regions
around m/z 1100–1125 (right) and m/z 790–850 (left), many

Fig. 2 2D FT-ICR mass spectrum of the collagen tryptic digest mixture. Orange/yellow lines show the regions of the spectrum corresponding to
the fragment ion scans in the four insets at precursor m/z (a) 951.81, (b) 850.41, (c) 634.34, and (d) 659.34.
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Bottom-up proteomics
• Collagen protein 

• comparing CAD, ECD, IRMPD, 2D IRMPD

the ECD spectrum, both CAD and IRMPD – which activate ions
through excitation of the molecule’s vibrational modes – show a
large number of internal fragments (Tables S2 and S4†), which
form when two or more bonds are cleaved in the peptide back-
bone. Such internal fragments occur if a b or y ion in the

primary sequence undergoes further fragmentation.41 No
internal fragments have been observed in the 2D FT-ICR MS of
α1(763–795), but they are seen for other peptides, as shown in
Fig. 2c, the fragment ion scan of precursor m/z 634.34.

2D FT-ICR MS resulted in the smallest number of cleavages
of the four methods investigated. To obtain one MS/MS spec-
trum, many scans are accumulated to improve the signal-to-
noise ratio of the ions. Accumulation allows low magnitude
peaks to rise above the noise and be identified. On the other
hand, the 2D FT-ICR MS experiment took 4096 time-domain
transients; each of which consisted of 256k data points. The
Fourier transform is calculated for each time-domain transient
as a function of the detection interval, t2 and a second Fourier
transform is calculated as a function of t1. Time-domain tran-
sients in 2D FT-ICR MS are currently shorter than in MS/MS,
256k instead of 4M. With more data points, there is an
increase in the signal-to-noise ratio of a Fourier transform-
based method. As a result of using shorter transients, fewer
fragments are expected in the 2D mass spectrum, and those
that are observed are likely to correspond to the most abun-
dant fragments, i.e.: the lowest energy bond cleavages. As com-
putational power continues to increase, it is expected that this

Fig. 4 Comparison of the cleavage coverage obtained using four
methods to activate precursor [α1(763–795) + 3H]3+, m/z 951.80926.

Fig. 5 CAD spectrum of the tryptic digest peptide [α2(326–340) + 2H]2+ at m/z 634.34193. ? = unassigned peak.
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nated, and that it provides information about all fragmenting
ions in the sample, in one convenient location. To show that
this is repeated across a range of precursor m/z ratios, horizon-
tal fragment ion scans have been pulled out of the 2D mass
spectrum at m/z 634.34, Fig. 2c, and 659.34, Fig. 2d. The
corresponding CAD mass spectra, Fig. 5 and 6, both contain a
number of contaminant peaks, presumably from multiple pre-
cursor ion isolation, marked with a “?” in the spectra and
assignment tables (Tables S5 and S6†). None of these unas-
signed peaks were present in the 2D fragment ion scans.

Fig. 7 shows the cleavage coverage obtained using CAD and
2D FT-ICR MS for the three peptides at precursor m/z 951.81,
659.34, and 634.34. The two larger peptides at precursor m/z
952.81 (33 amino acids) and 659.34 (22 amino acids), show a
very similar fragmentation efficiency, with 76% of bonds
broken in CAD and 29% in 2D FT-ICR MS. The smaller 15
amino acid peptide at precursor m/z 634.34 shows remarkably
extensive fragmentation in the fragment ion scan extracted
from the 2D mass spectrum. 64% cleavage coverage has been
obtained with 2D FT-ICR MS, compared to 79% with CAD.
This corresponds to just 2 fewer cleavages than in the CAD
mass spectrum, but without any of the contaminant peaks, a
striking demonstration of the promise of 2D FT-ICR MS as a
method for studying complex protein mixtures.

Conclusions
In this research, 2D FT-ICR MS has been used to study the
complex protein digest mixture of collagen. Horizontal frag-
ment ion scans have been shown to give results consistent
with MS/MS, going beyond conventional methods to provide
an abundance of additional information in a single spectrum.
This enabled the removal of unassigned, contaminant peaks,
which simplified difficult tandem mass spectra and helped
assign peptides in the one-dimensional spectrum. Where
more than one candidate was proposed as a peak assignment,
2D FT-ICR MS has been used to eliminate one of the proposed

species. Unfortunately, in its current, early form, 2D FT-ICR
MS cannot stand alone from conventional mass spectrometry.
All the 2D assignments made in this work were done with the
aid of 1D FT-ICR MS. The main limitation lies in the compu-
tational analysis of spectra. Two-dimensional spectra are very
large, with file sizes over 1 GB, resulting in slow computation
times for the 2D-FFT and denoising algorithm. Computational
times are a current limitation of the technique, but will be
largely alleviated by performing these dense calculations on
clusters or workstations. Despite the data analysis challenges,
this study has shown that 2D FT-ICR MS can produce one data
set which may be used to generate and analyse the fragmenta-
tion patterns of many precursors in a complex sample. The
experiment is less time consuming than taking multiple 1D
MS/MS spectra, making it an exciting and promising new tech-
nique for analysing complex protein data.
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Fig. 7 Comparison of the cleavage coverage obtained using CAD and
2D FT-ICR MS for three peptides at precursor m/z 951.81, 659.34, and
634.34.
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Comparing coverage 
not bad for a technique only a few years old!

Simon, H., van Agthoven, M., Lam, P. Y., Floris, F., Chiron, L., Delsuc, M.-A., Rolando, C., Barrow, M., O’Connor, P. (2016). Analyst, 141, 157–165
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Bottom-up proteomics
• yeast cells 

• cell extract 
• tryptic digest 
• no separation 

• 2D FT-ICR IRMPD 
‣ 4096 x 256k = 1 Gpoint 
‣ processed to 4k x 1M = 4 Gpoints 
‣ 50 min. acquisition 
‣ R1 ~ 1500 
‣ R2 ~ 60.000
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>1M detected peaks 

>100k? potential PSM

slope z1/z2 = 2/3
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Neutral-loss
Artifacts due to 
Harmonics
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NUS: substance P, 2D spectrum overview
• Non-Uniform Sampling / non-Fourier Analysis

Full 2k × 32 k NUS 4k 1/2 NUS 16k 1/8 

NUS 32k  1/16 
Substance P, 1 pmol.µL , nanoESI, ECD, 45 min 

Solarix 7 Tesla, Paracell®,  
all experiments 2k × 128k 
but convering 
4k / 16k / 32k x 128k  
The overall aspect  
of the 2D spectrum is preserved.

150 1500

1500
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NUS 4k div 2 Classic NUS 8k div 4 

NUS 16k div 8 NUS 32k div 16 

NUS & PG_sane: parent precursor profile 
(monoisotopic peak) 

672 678

681669
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NUS 32k div 16 Classic
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NUS (32k, 1/16) 2D zoom on doubly charged 

These peaks are true!  
They are due to H° capture.

Fragment

P
re

cu
rs

or

673 677 
673

677

Monoisotopic 
peak

2nd isotope

4th isotope

1st isotope

3rd isotope

‣ R1 ~ 14.000 
‣ R2 ~ 150.000

File = 140Gb 
compressed to 30Gb

in preparation
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On a triglyceride mixture
Tri Acyl Glycerol (TAG)

F. Bray, J.Bouclon, L. Chiron, M. Witt, G.Bodenhausen, M.-A. Delsuc and C Rolando Submitted
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c. Mass spectrometry based tools to investigate protein–ligand interactions for drug discovery (http://pubs.rsc.org/en/Content/ArticleLanding/2012/CS/
C2CS35035A#!divAbstract)

2. Kd measurements - with all the caveat on ESI, etc..
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biology/fulltext/S1074-5521(02)00221-1)
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3. multi molecular complexes
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b. Advances in the Mass Spectrometry of Membrane Proteins: From Individual Proteins to Intact Complexes (http://www.annualreviews.org/doi/abs/10.1146/
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c. The emerging role of native mass spectrometry in characterizing the structure and dynamics of macromolecular complexes (http://onlinelibrary.wiley.com/doi/
10.1002/pro.2661/pdf)
d. Mass spectrometry guided structural biology (http://www.sciencedirect.com/science/article/pii/S0959440X16301440)

4. HDX
a. Hydrogen exchange mass spectrometry for studying protein structure and dynamics (http://pubs.rsc.org/en/content/articlelanding/2011/cs/c0cs00113a#!
divAbstract)
b. Differential hydrogen/deuterium exchange mass spectrometry analysis of protein–ligand interactions (http://europepmc.org/articles/PMC3113475)
c. Hydrogen exchange mass spectrometry: what is it and what can it tell us? (https://link.springer.com/article/10.1007/s00216-010-3556-4?no-access=true)

5.  cross-linking
a. Chemical cross-linking and mass spectrometry to map three-dimensional protein structures and protein–protein interactions (http://onlinelibrary.wiley.com/doi/
10.1002/mas.20082/abstract)
b. Probing Native Protein Structures by Chemical Cross-linking, Mass Spectrometry, and Bioinformatics (http://www.mcponline.org/content/9/8/1634.full)
c. Chemical cross-linking/mass spectrometry targeting acidic residues in proteins and protein complexes (http://www.pnas.org/content/111/26/9455.long)
d. Chemical cross-linking and native mass spectrometry: A fruitful combination for structural biology (http://onlinelibrary.wiley.com/doi/10.1002/pro.2696/
full#references)

6. fragmentation
a. Top-down mass spectrometry: Recent developments, applications and perspectives (http://pubs.rsc.org/en/content/articlelanding/2011/an/c1an15286f#!
divAbstract)
b. Native mass spectrometry of photosynthetic pigment–protein complexes (http://www.sciencedirect.com/science/article/pii/S0014579313000197)
c. 193 nm Ultraviolet Photodissociation Mass Spectrometry of Tetrameric Protein Complexes Provides Insight into Quaternary and Secondary Protein Topology 
(http://pubs.acs.org/doi/abs/10.1021/jacs.6b03905)
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