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Abstract : Despite its great success in the field of proteomics, mass spectrometry has limited use for determining structural details
of peptides, proteins, and their assemblies. Emerging ion mobility spectrometry-mass spectrometry has enabled us to explore the
conformational space of protein ions in the gas phase, and further combinations with the gas-phase ion spectroscopy and the colli-
sion-induced unfolding have extended its abilities to elucidating the secondary structure and local details of conformational transi-
tions. This review will provide a brief introduction to the combined approaches of IMS-MS with gas-phase ion infrared
spectroscopy or collision-induced unfolding and their most recent results that successfully revealed higher-order structural details. 
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Introduction

Elucidating the structures of proteins and their

assemblies are of great significance in the field of

structural biophysics, since their structures are directly related

to functions in diverse biological processes. Typically, various

experimental techniques, such as nuclear magnetic resonance

(NMR), X-ray scattering and crystallography, electron

microscopy, and many more have been used actively to

determine the high-resolution, atom-level structural details

of proteins.1-4 However, they often have limited sensitivity,

and therefore require high sample densities. Furthermore,

complicated sample preparation steps such as isolating and

crystallizing proteins are necessary for crystallography,

which decreases analytical throughput significantly.

 Mass spectrometry (MS) has been extremely successful

for the past several decades. Its unprecedented sensitivity,

speed, accuracy, high tolerance of sample complexity,

together with mass-selective isolation and fragmentation

capabilities, make MS become the prime method for

determining the primary structure (amino acid sequence)

and providing post-translational modification of peptides

and proteins.5-7 However, MS alone is hardly applicable to

obtaining higher-order structural information such as

secondary structures, folding state, conformations, and

topologies, since the molecular mass values do not provide

any three-dimensional arrangements of atoms and

molecules unless they are combined with fragmentation

methods. To investigate higher-order structures, MS have

been coupled to several experimental methods which

include hydrogen/deuterium exchange (HDX) and non-

statistical dissociation techniques such as UV

photodissociation (UVPD) and electron capture/transfer

dissociations (ECD/ETD).8,9 However, they also need to

dissociate intact peptide/protein ions, and the structural

information is indirectly gathered from the molecular mass

of fragment ions.

Alternatively, experimental approches using chemical

cross-linking have been successful for investigating the

folded structures and quaternary structures of proteins.10

Forming covalent bonds between specific functional

groups in proximity fixes the three-dimentional structures

and protein-protein interactions, and therefore enables us to

capture the higher order structural details using mass

spectrometry. However, still the enzymatic digestion is

necessary to confirm the interconnected residues, and

therefore structural information is obtained indirectly from

the peptide fragments, not from the intact protein.

Recently, emerging ion mobility spectrometry-mass

spectrometry (IMS-MS) in combination with native MS

has enabled to obtain three-dimensional sizes and shapes of

intact biomolecular ions.11-13 As shown in Figure 1, IMS

can separate protein and peptide ions by collision cross

sections (CCSs) that are directly related to their
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conformation, compactness, folding state, and shapes.

Distinguishable conformers yield separated peaks at the

arrival time distribution (ATD) obtained by ion mobility

separation, and the arrival time of each conformer can be

converted to the CCS values. The measured CCS values

can be used to determine protein structures precisely if the

proper theoretical molecular modeling is followed. For last

decades, therefore, IMS-MS has been widely and

successfully applied to the structural investigation of

diverse proteins and their assemblies, which include the

self-assembled amyloidogenic peptide and protein

oligomers,14-21 intrinsically disordered proteins,22,23 various

protein-ligand complexes, and even vast complexes of

proteins in the membrane.24,25 

However, IMS-MS is not directly sensitive to the secondary

structural elements because the measured CCS can only

provide rough information about size and shape. Furthermore,

the folding details cannot be extracted from the measured

CCS value alone. Therefore, additional experimental

techniques have been further combined with IMS-MS in order

to elucidate higher-order structural details. 

This review discusses the most recent advances that

combine IMS-MS with other experimental techniques in

order to obtain secondary, tertiary structural details and

topological information of proteins. The gas-phase ion

infrared (IR) spectroscopy that implements infrared

multiple photon dissociation (IRMPD) is coupled to IMS-

MS for deducing secondary structural details, while the

collision-induced unfolding (CIU) is added for examining

conformational and topological details. The unique

capability of IMS-MS to isolate biomolecular ions of

specific ion mobility as well as m/z enables us to apply

those techniques mass- and conformer-selectively. 

Gas-phase ion IR spectroscopy 

IR spectroscopy is sensitive to the secondary structure of

proteins. Interactions and chemical environments of

characteristic vibrational modes such as C=O stretching

(amide I) and N-H bending (amide II) in the peptide bond

vary by secondary structural elements, and therefore each

secondary structural element, an α-helix, a β-sheet, random

coils, and turns, has its diagnostic band position for amide I

and II. For example, an α-helix has an amide I band at

~1655 cm–1, while an antiparallel β-sheet has two diagnostic

amide I bands at 1620–1640 cm–1 and ~1690 cm–1.

Acquiring IR spectra of molecular ions, however, is not

trivial because the extremely low density of molecular ions

due to the space-charge effect prevents observing

measurable attenuations of incident IR photons to

determine absorbance. Therefore, an alternative approach

should be employed, which observes the ‘action’ of the

molecular ions upon IR photon absorption. One

representative action is the dissociation of molecular ions

as a result of absorbing multiple IR photons, which is

known as infrared multiple photon dissociation

(IRMPD).26 Molecular ions absorb multiple IR photons if

and only if irradiated IR photon energy is in resonance

with molecular vibrations, which causes the subsequent

dissociation of molecular ions. MS is capable of

monitoring the fragment and precursor ions, and a gas-

phase ion IR spectrum can be obtained by recording

dissociation yield as a function of irradiated IR photon

energy, as shown in Figure 2. After introduced in the early

1990’s first,27,28 this IRMPD spectroscopy of molecular

ions has been applied to various molecular ions which

include small organic molecules including polyaromatic

hydrocarbons,29,30 amino acid monomers, dimers, and

oligomers,31-34 peptides and proteins,35,36 and many more. 

Recently, von Helden and co-workers successfully

applied IMS-MS and IRMPD spectroscopy to confirm

whether the native secondary structures of medium-sized

proteins can be retained after the electrospray ionization

for the first time.37 Two proteins: myoglobin and β-

lactoglobulin, which are representative examples of α-helix

and β-sheet-rich proteins, respectively, were investigated.

The ion mobility- and m/z-selected protein ions were

interrogated by IRMPD to obtain m/z- and conformer-

specific IR spectra of myoglobin and β-lactoglobulin ions.

The measured gas-phase IR spectra have diagnostic IR

bands at ~1655 cm–1 (α-helix) and ~1638 cm–1 (β-sheet) for

the myoglobin and β-lactoglobulin ions, when those ions

Figure 1. Schematic illustration of ion mobility spectrometry for distinguishing protein conformers. 
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have CCS values similar to the predicted for their native

structures (Figure 3). This result indicates that secondary

structures of native proteins can be retained in the gas

phase after the ionization, and therefore supports the IMS-

MS based structural studies in the field of structural

biophysics. Furthermore, it is shown that the gas-phase ion

IR spectroscopy can be a potent add-on to IMS-MS for

obtaining the conformer-specific secondary structural

information of protein ions for the first time. 

This approach was further applied to investigate the

amyloidogenic peptide oligomers. Since the formation of

amyloid fibril involves both peptide aggregations and

extensive secondary structural transitions to repeating β-

sheets, monitoring β-sheet formation during the

aggregation is critical to understand the mechanism and

underlying force of the amyloid fibril formation.

Combining IMS-MS and gas-phase IR spectroscopy, von

Helden, Pagel, and co-workers succeed to measure the

onset of β-sheet formation directly in early soluble

oligomers of the insulin fragment VEALYL and its variant,

YVEALL.38 Especially for the YVEALL pentamer, which

has four different conformers, IR features for the β-sheet

increase as the CCS increases, suggesting the pentameric

assembly is the onset of the amyloid fibril formation for the

YVEALL peptide (Figure 4). This result is the first direct

observation and confirmation of secondary structural

transitions of amyloidogenic peptide oligomers in the field

of mass spectrometry. It strongly supports the interpretation

in the recent IMS-MS studies of amyloid systems, which

suppose the positive correlation between the CCS increase

and β-sheet formations.16,18-21 Moreover, this demonstrates

how the combination of gas-phase IR spectroscopy and

IMS-MS can be a great asset in this research field. 

Figure 2. Schematic illustration of ion mobility- and mass-selective infrared multiple photon dissociation (IRMPD) spectroscopy

implemented in the Fritz Haber Institute of the Max Planck Society. An intense, tunable IR beam is supplied by the FHI IR free electron

laser facility.

Figure 3. IRMPD spectra of myoglobin and β-lactoglobulin ions

of 8+ charge state. IR spectra measured under the native

condition in solution are shown together. Those 8+ protein ions

were confirmed to have compact conformation whose CCS

values are close to the theoretically predicted CCS values of

native structures in solution. 
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Collisional activation IMS-MS (Collision-induced 
unfolding)

Collisional activation has been one of the most common

methods that interrogate isolated biomolecular ions in MS,

especially to examine the stability as well as the structure

of protein and peptide ions. Representatively, many tandem

mass spectrometry (MS/MS) approaches utilize collisional

activations (collision-induced dissociation, CID) to induce

peptide bond dissociation for the peptide sequencing.

Meanwhile, collisional activations followed by IMS-MS

can be used to probe tertiary/quaternary structures,

conformations, and topologies of protein ions, if they are

not providing sufficient energy to induce the covalent bond

dissociation.39-41 The increased internal energy leads the

protein ions to undergo unfolding that can be probed by

monitoring CCS in IM-MS. This collision-induced

unfolding (CIU) often generates a series of partially-folded

intermediates that enable us to gain insights into the

structural/conformational details as well as unfolding

mechanism and dynamics, as illustrated in Figure 5. Hence,

CIU has been shedding light on the structural studies of many

Figure 4. (a) Arrival time distribution of triply-protonated YVEALL pentamer (53+) showing four different conformers (I–IV), and (b)

their conformer-selective IRMPD spectra. Color-coded gaussian envelopes stand for the IR bands assigned to the unordered (blue) and

the antiparallel β-sheet (red), respectively. 

Figure 5. Collision-induced unfolding for determining the conformational details. 
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complex protein systems. Representatively, Ruotolo and co-

workers were successfully applied CIU to distinguish several

immunoglobulin G (IgG) subtypes that show minor structural

differences based on their disulfide bond numbers and

patterns.41 Many other examples using CIU also include

structural/conformational works for glycoproteins, protein-

protein or protein-ligand complexes, and amyloid protein

assemblies.42-44

Most recently, CIU combined with IMS-MS has proved

its capability to examine topological and conformational

differences of a specifically designed functional protein.

Seo, Wenbin and co-workers characterized the

conformation of a topologically engineered protein that has

a lasso topology.45 As shown in Figure 6, the IMS-MS result

suggests the presence of two or more conformers for the lass

protein: i) a threaded lasso with and without tail unfolding,

and ii) an extended tadpole. The CIU result shows the direct

conformational transitions from a threaded lasso to an

extended tadpole and no further unfolding for the tadpole,

further proving the lasso topology and the presence of its

two distinct conformations. 

This IMS-MS and CIU are expected to be further combined

with other structural methods such as chemical cross-linking.

Chemically cross-linked proteins are supposed to undergo the

limited unfolding under the CIU. Therefore, the selective

cross-linkings between specific residues possibly enable us to

unveil which amino acid residues and their interactions are

closely related to a specific folding mode. 

Concluding Remarks 

In summary, the emerging IMS-MS has dramatically

extended the realm of MS in the field of investigating

protein structures. Combining other experimental

techniques such as the gas-phase ion IR spectroscopy and

the CIU enhanced the utilities of IMS-MS much further,

and therefore the elucidating higher-order structures and

conformational details of proteins becomes feasible using

IMS-MS. These approaches are also combined with other

structural proteomics techniques such as HDX, chemical

cross-linkings, and even several fragmentation methods to

gain further details of protein foldings and interactions.

However, gas-phase ion spectroscopy and CIU are still far

from becoming routine methods for protein structures. A

highly intense IR light source is necessary for the gas-

phase ion IR spectroscopy, and low resolving power of

IMS limit the use of CIU for determining precise

conformational details. Nevertheless, these combined

approaches in IMS-MS will be very promising in the

research fields of protein structures, with the future

advances in the IR light source and the action

spectroscopic methods, and the development of high-

resolution IMS-MS instruments. 
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