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Ion mobility-mass spectrometry and orthogonal gas-phase techniques to study 
amyloid formation and inhibition 

- Amyloids in the gas phase - 
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Abstract 

Amyloidogenic peptide oligomers are responsible for a variety of neurodegenerative disorders such as 
Alzheimer’s and Parkinson’s disease. Due to their dynamic, polydisperse, and polymorphic nature, 
these oligomers are very challenging to characterize using traditional condensed-phase methods. In 
the last decade, ion mobility – mass spectrometry (IM-MS) and related gas-phase techniques have 
emerged as a powerful alternative to disentangle the structure and assembly characteristics of amyloid 
forming systems. This review highlights recent advances in which IM-MS was used to characterize 
amyloid oligomers and their underlying assembly pathway. In addition, we summarize recent studies in 
which IM-MS was used to size- and mass-select species for a further spectroscopic investigation and 
outline the potential of IM-MS as a tool for the screening of amyloid inhibitors. 
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Introduction 

Amyloid formation is a central pathological feature of a variety of neurodegenerative disorders such as 
Alzheimer´s (AD) and Parkinson´s disease.[1] In their native state, the involved proteins are usually 
harmless, soluble and can range from functional, fully folded species to intrinsically disordered 
structures. Upon environmental changes, such as a change in pH or interactions with lipid 
membranes, the proteins undergo a conformational transition and self-assemble into insoluble, β-
sheet rich amyloid fibrils. These fibrils are the major constituents of amyloid plaques that can for 
example be found in the brain tissue of Alzheimer´s patients and were therefore long considered to be 
the toxic species that cause these diseases. Over the last few years, however, increasing evidence 
suggested that not the mature fibrils, but rather early, soluble intermediates, that occur during amyloid 
formation, are the actual toxic species in various neurodegenerative disorders.[2] Due to their 
polydisperse, polymorphic, and transient nature these intermediates are challenging to characterize 
via traditional condensed-phase methods like nuclear magnetic resonance (NMR) or circular dichroism 
(CD) spectroscopy. In most of the cases only ensemble-averaged information is obtained, and as a 
result, very little is known about the structure of individual oligomers. 
Over the last decade, several gas-phase techniques, particularly ion mobility - mass spectrometry (IM-
MS), emerged as promising tools to separate and analyze individual oligomeric species without 
affecting the equilibrium of the ensemble.[3] An IM-MS analysis typically starts with the preparation of 
the sample under conditions where fibril formation occurs. Soluble oligomers are then carefully 
transferred into the gas phase using soft ionization techniques such as electrospray ionization (ESI). 
Packets of these ions are further injected into an ion mobility cell that is filled with an inert buffer gas, 
through which they migrate due to a weak electric field that is applied. During this drift, compact ions 
undergo fewer collisions with the buffer gas than extended species and therefore traverse the cell 
faster, i.e. with a shorter drift time. As a result, ions are not only separated according to their mass and 
charge like in conventional MS, but also based on their rotationally averaged collision-cross section 
(CCS). This analysis based on size and shape enables the analysis of species, which exhibit an 
identical m/z but differ in their oligomer size or conformation. This review summarizes the recent 
achievements in which IM-MS and orthogonal techniques were used to obtain detailed structural 
information of soluble intermediates and to study the mode of inhibition on distinct oligomeric states.  
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The Pathway of Amyloid Formation 

Even though the proteins that are involved in amyloid formation differ significantly in their size and 
sequence, they share similar assembly characteristics.[3] The pathway usually follows a nucleation- 
dependent mechanism, which can be divided into three parts: a lag-, growth- and saturation-phase 
(Figure 1). Dye molecules such as thioflavin T (ThT) are commonly used to monitor the kinetics of fibril 
formation in real-time. ThT binds to amyloid fibrils via intercalation, which results in a change in the 
structure of the dye and an increased fluorescence.[4] It is believed that protein aggregation is initiated 
by an unfolding/misfolding event of the monomer, forming species that are capable of undergoing 
oligomerization (lag phase).[3] These oligomers can further exchange subunits or undergo 
conformational transitions, but once a so-called nucleus is formed, fibril formation is facilitated by an 
autocatalytic growth (growth phase) up to the presence of mature fibrils (saturation phase). The 
autocatalytic growth can be further accelerated by fibril fragmentation, providing additional fibril ends 
for monomer association, whereas end-joining of two fibrils might reduce the rate at which mature 
fibrils are formed.[5] A detailed understanding of the underlying structures in each phase is crucial for 
identifying potential targets and the successful development of drugs. 

The duration of the lag phase is highly dependent on environmental conditions[6] or the presence of 
small molecules that can inhibit fibril formation (Figure 1, blue trace).[7] Also the dynamics of the 
oligomers can lead to different behavior as was for example demonstrated for beta-2 microglobulin 
(WT) and its H51A alloform.[8] Both proteins form oligomers that are indistinguishable via IM-MS 
(same CCSs), but the lag phase of the H51A alloform is significantly longer than that of the WT. IM-
MS and real-time MS using 15N enriched proteins were performed to study subunit exchange at the 
end of the individual lag phases. H51A oligomers were shown to undergo no, or a barely measurable 
exchange, which indicates that these oligomers are kinetically trapped species. WT oligomers, on the 
other hand, exhibited a rapid subunit exchange, and this behavior accounts for the short lag phase of 
WT beta-2 microglobulin.[8]  

In the presence of pre-formed nuclei that can act as fibrillar seeds, the entire lag phase can be 
eliminated (Figure 1, red trace).[3] The fibrillar seeds presumably act as a template for monomers to 
refold and assemble into amyloid fibrils. For example, fibrillar amyloid-β40 (Aβ40) can cross-seed the 
human islet amyloid polypeptide (hIAPP). The reverse, however, does not occur, i.e. hIAPP seeds are 
not capable of cross-seeding Aβ40 monomers. The cross-seeding phenomenon is therefore in many 
cases sequence dependent. If both peptides are co-incubated another effect termed co-polymerization 
occurs. Here, mixed Aβ40/hIAPP-oligomers and mixed fibrils are observed. For that reason the cross-
seeding phenomenon has to be distinguished from co-polymerization.[9]  

 

Figure 1: Features of amyloid formation. The typical amyloid formation pathway can be divided into 
three stages, a lag-, growth- and saturation phase (black trace). During the lag phase, transient and 
highly interconverting intermediates are found, but no fibrils are present. Once a so-called nucleus is 
formed, fibril formation is initiated (growth phase), and an autocatalytic growth phase leads to mature 
fibrils that can be observed at the saturation phase. The addition of nuclei in the form of seeds 
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eliminates the lag phase and directly initiates the growth phase (red trace). In the presence of small 
inhibitors, no fibril formation occurs (blue trace). 

Assembly and Architecture of Fibrils 

In principle, all peptides and proteins are able to form amyloids under certain conditions.[6] However, 
certain amino acids (AAs), exhibit a higher propensity towards fibril formation than others.[10] 
Recently, it was proposed that the tendency to form amyloid fibrils, microcrystals or unordered 
aggregates is linked to the propensity of isolated AAs to form large meta clusters.[11] Hydrophobic 
residues, like isoleucine or phenylalanine, form extended oligomers which are larger in size than 
expected for an idealized spherical growth of the oligomers.[12] Hydrophilic AAs (serine, asparagine), 
on the other hand, assemble into more compact oligomers. Peptides, containing multiple hydrophobic 
AAs (extended AA meta-clusters) are prone to fibril formation, whereas sequences rich in hydrophilic 
residues (compact AA meta-clusters) are more likely to form microcrystals. This correlation in the 
assembly characteristics was used to establish a novel approach to score and predict the aggregation 
propensity of peptides. 

Due to extensive research in the last 25 years, the structure of mature fibrils is well understood today. 
X-Ray diffraction and NMR structures are available for a couple of smaller peptides[13,14] up to fibrils 
of the full-length Aβ peptide[15,16]. All known structures share a common fibrillar core-structure, often 
referred to as a “steric-zipper”, which is formed by two β-sheets, each β-strand stacked in-register.[14] 
The protruding side-chains of each strand interdigitate like a zipper, forming a dry, tightly self-
complementing interface. This highly ordered arrangement explains the stability of amyloid fibrils, their 
self-seeding characteristic and their tendency to form polymorphic structures.  

Studying the properties of mature amyloid fibrils using gas-phase techniques is rather challenging due 
to their enormous size. However, charge-detection mass spectrometry, a method in which an ion´s 
m/z-ratio and charge are directly measured, was recently used to detect and obtain growth and kinetic 
characteristics of fibrils as large as 395 MDa.[17] Another promising approach to yield dynamic 
information about mature fibrils is hydrogen-deuterium exchange (HDX), a method in which the solvent 
accessibility is measured. These experiments revealed that fibrils are not static oligomers, but rather 
represent a dynamic assembly at the ends of which monomer units dynamically dissociate and 
associate.[18] This “molecular recycling” takes place on biologically relevant time scales [19] and 
therefore mature fibrils may serve as a potential source of toxic oligomers [20]. A kinetic-pulsed 
variation of HDX was also used for the structural characterization of early amyloidogenic 
intermediates.[21] The data show that unstructured aggregates are present at the beginning of the 
assembly and evolve into conformations in which specific residues are protected against H/D 
exchange. 

From Monomers to Early Oligomers 

Over the last decade, a series of investigations indicated that not the mature fibrils but rather their 
intermediates represent the toxic species in the above-mentioned diseases. The toxicity appears to 
result from interactions with cellular membranes, leading to an impairment of fundamental cellular 
processes.[6] However, the polydisperse, polymorphic and transient nature of these intermediates 
makes it difficult to characterize them individually and typically only ensemble-averaged information is 
obtained. The main advantage of MS-based techniques is the ability to analyze one species in the 
presence of many others without changing the underlying equilibrium. Thus, IM-MS is a perfect tool for 
the size and conformer-selective sampling of dynamic structures, either to directly study their shape or 
to serve as a filter for further structural analysis.  

IM-MS was recently used to study the aggregation of the human islet amyloid polypeptide (hIAPP) 
hormone, which is linked to the etiology of type II diabetes[22], and the non-toxic rat IAPP (rIAPP) 
isoform, which only differs in six amino acids[23]. The data show that the hIAPP monomer n/z = 1/4 
(n = oligomeric number, z = charge) exists in two major conformations, whereas the rIAPP monomer 
only forms a compact structure (Figure 2 a).[24] Theoretical calculations suggest a helix-coil 
conformation for the compact hIAPP monomer whereas an extended β-hairpin structure was proposed 
for the extended hIAPP monomer (Figure 2 b). Both conformations of hIAPP are highly pH-dependent, 
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with the extended β-hairpin conformation being favored at high pH. CD spectroscopy indicates that 
under high pH conditions a faster transition to β-sheet rich structures occurs, and transmission 
electron microscopy (TEM) confirmed the formation of fibrils for hIAPP.[25] Therefore, it was 
suggested that the extended β-hairpin hIAPP monomer might serve as an amyloidogenic precursor 
from which the formation of a β-sheet rich dimer is initiated [26].  

 

Figure 2: Proposed assembly pathway of IAPP [24] and the Aβ [27] peptide. (a) The ATD of the 
quadruply charged hIAPP monomer (n/z = 1/4) shows two major conformations, whereas for the non-
fibril forming rIAPP sequence, only one compact structure is observed. (b) Theoretical calculations 
have shown that the experimental CCS of the compact hIAPP monomer is in agreement with a helix-
coil structure, whereas the extended conformation represents a β-hairpin structure. Since the β-hairpin 
is only present for the fibril forming hIAPP it might be an amyloidogenic precursor. (c) The ATD of the 
Aβ42 peptide at m/z = 1807 shows four features whereas for the Aβ40 peptide only two features are 
observed. (d) From this result it was concluded that Aβ42 forms an “open” tetramer, where a dimer 
can easily attach to form a hexamer, which then can stack together to form dodecamers. Higher Aβ42-
oligomers are not observed, and the dodecamer is suggested to seed the formation of protofibrils and 
fibrils. The Aβ40 peptide, however, forms a “close” tetramer, where no further oligomers can easily 
attach. As a consequence, Aβ40-fibril formation proceeds very slowly. (Adapted with permission from 
[24]. Copyright 2009 American Chemical Society. Adapted by permission from Macmillan Publishers 
Ltd: Nature Chemistry [27], copyright 2009.)   

IM-MS is not only suitable providing structural information on the monomer, but it can also be used to 
study the structure and self-assembly mechanism of higher order oligomers. For example, the peptide 
NNQQNY was shown to assemble into unordered and compact oligomers up to the octamer, whereas 
extended and presumably β-sheet rich structures were observed for the nonamer and larger 
oligomers.[12] Furthermore, a time-course MS and IM-MS study revealed the dynamic aggregation 
behavior of a small fragment derived from the human plasma protein transthyretin (TTR105-115).[28] The 
data show that the dimer and tetramer persist over the period of time, whereas other intermediates 
undergo off-pathway oligomerization or aggregation into fibrils. Thus, the tetramer is suggested to be 
an on-pathway oligomer, since it represents the smallest unit of a mature fibril, which is assembled by 
four β-sheets in a “cross-β” conformation.  
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Early Aβ oligomers, which are thought to be responsible for the neurodegeneration of AD patients, 
have also been analyzed using IM-MS.[29] Generally, full-length Aβ42 aggregates faster and is more 
cytoxic than the shorter Aβ40 variant [30]. These differences have been explained in detail on basis of 
IM-MS-derived structural data.[27] Aβ40 assembles into a compact tetramer (Figure 2 c, d), where 
further peptide monomers cannot easily attach and, as a consequence, no higher oligomers are 
formed. Aβ42, on the other hand, forms an “open” tetramer, where a dimer can attach to form a 
hexamer. Two of these hexamers in turn can stack together to form the presumably toxic species in 
AD, the dodecamer [31]. This assembly pathway was first proposed on basis of IM-MS data measured 
in negative ion mode, but an unambiguous verification based on the isotopic pattern is still missing 
due to low mass resolution. The assignment is, however, further supported by data obtained from 
photo-induced cross-linking experiments of unmodified Aβ, size exclusion chromatography and 
dynamic light scattering.[32] Recently, atomic force microscopy was further used to directly monitor 
the assembly of Aβ. The data indicate that dodecamers are on-pathway oligomers, which seed fibrillar 
aggregates.[33] Furthermore, the neurotoxicity of Aβ-oligomers was shown to correlate well with their 
HDX pattern.[34] Aβ40 and Aβ42 oligomers which persist HDX, i.e. they are at least partly folded and 
therefore exchange slower, are more cytotoxic than aggregates, which rapidly undergo HDX. In 
addition, a hydroxyl radical-based, fast photochemical oxidation approach indicates that Aβ42-fibril 
formation is predominantly driven by the central hydrophobic core (16-27) as well as the C-terminus 
(28-42), whereas the N-terminus remains almost unstructured [35]. 

The formation of Aβ40- and Aβ42-oligomers has also been studied on basis of IM-MS data measured 
in positive ion mode. At high concentration, the formation of Aβ40 oligomers up to the 13-mer can be 
observed.[36] Aβ42 on the other hand, predominantly forms dimers and trimers, which, in the 
presence of sodium dodecyl sulfate, can further evolve into higher oligomers such as pentamers and 
hexamers.[37] The difference to the above-described negative ion data may be a result of the different 
ion polarity and instrument, as well as variations in the sample preparation and further studies are 
needed to verify the altered assembly behavior. 

 

Figure 3: IM-MS data and conformer-selected infrared spectra of the peptide YVEALL.[38] (a) The 
CCSs are shown as a function of the oligomeric size. The dashed line indicates the CCSs expected for 
an idealized spherical growth. (b) The arrival time distribution of n/z = 5/3 (black) and selected ions for 
subsequent IR analysis (gray) are shown. (c) The gas phase IR spectra of the selected YVEALL 
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pentamers. The amide I band is deconvoluted with multiple Gaussians, indicating β-sheet IR signature 
(red) and turn-like structures (blue). (Adapted by permission from Macmillan Publishers Ltd: Nature 
Chemistry [38], copyright 2017.) 

IM-MS provides valuable data on the ion´s overall size and shape, but it does not yield direct 
information about the underlying internal structure. In order to obtain such data, IM-MS was very 
recently used as a preselection tool for a further analysis using orthogonal, structure-sensitive gas-
phase techniques. Action-FRET spectroscopy was coupled to IM-MS to assign the monomeric 
secondary structure of the Aβ12-18 fragment in different charge states. At charge states 3+ and 4+ 
Aβ12-18 adopts a predominantly helical conformation, whereas additional protonation (5+/6+) leads to a 
structural transition into a β-turn.[39] Such charge-dependent conformations are also observed for 
other proteins in the gas phase.[40,41] Generally, species with a higher charge state form extended 
structures because Coulomb repulsion and interactions of charged side-chains with backbone 
carbonyls alter the native fold. For these it is therefore challenging to distinguish if and which of the 
observed gas phase conformations reflect the “native” species that was present in solution. However, 
when a protein is carefully transferred into the vacuum using non-denaturating solvents, it has been 
shown that aspects of the native secondary and tertiary structure can indeed be conserved in the gas 
phase.[42] In addition, the non-covalent attachment of crown ether molecules to charged side-chains 
can help to prevent their structurally-disturbing interaction with the protein backbone.[43]  

FRET spectroscopy relies on a donor/acceptor system, and therefore a chemical modification is often 
required, which might alter the native fold. Infrared spectroscopy, on the other hand, can directly probe 
the secondary structure of peptides and proteins. The position of the C=O stretching vibration - often 
referred to as the amide I band - of β-sheet rich proteins is usually observed at lower wavenumbers 
(1620-1640 cm-1) than that of other secondary structure motifs.[44] Recently, the combination of 
IM-MS and gas phase infrared spectroscopy was used to disentangle the secondary structure of 
oligomers formed by the peptide VEALYL[12] as well as some of its isomeric variants (YVEALL, 
VELYAL)[38] (Figure 3). The data show that pentameric oligomers of the peptide YVEALL are highly 
polymorphic (Figure 3a and 3b), i.e. they exist in different conformations, which range from compact 
aggregates with CCSs close to that of an idealized sphere (n/z = 5/2) to large, extended oligomers for 
which a β-sheet rich structure was suggested (n/z = 5/3). Conformer-specific IR analysis confirmed an 
increasing β-sheet content with increasing size (Figure 3 c), and a more systematic analysis of the 
investigated amyloid forming hexapeptides revealed a significant amount of β-sheet for oligomers 
composed of as little as four to nine subunits. Thus, combining IM-MS to gas phase IR spectroscopy 
allows one to obtain information not only on the tertiary but also on the secondary structure. These 
observations further agree with findings from X-ray crystallography experiments, where β-sheet 
barrels composed of six strands were observed.[45,46] Moreover, these barrels exhibit theoretically 
calculated CCSs that are similar to those measured via IM-MS.[47]  

Amyloid inhibition 

Drugs often stabilize the native protein structure and are therefore developed using a structure-based 
design. For (at least partially) unordered peptides and proteins such as those involved in amyloid 
formation, such a structure-based design is often of limited use and, therefore, low-resolution, high-
throughput screening assays are often used as an alternative. IM-MS is capable of high-throughput 
binding screening with a rate of up to 5000 molecules per day.[7] However, in contrast to other 
techniques, it also provides information on the stoichiometry and the underlying binding mechanism. It 
can distinguish between electrostatic interactions, specific (binomial distribution), colloidal and non-
specific binding (Poisson distribution) (Figure 4).[7,48] Competitive interactions can also be studied 
and, when coupled to fragmentation techniques, complementary information on the stability of 
oligomers and the binding affinity of the identified potential drugs can be obtained. Therefore, IM-MS is 
a very valuable tool to screen for amyloid inhibitors.[7]  

IM-MS showed that small heat-shock proteins can specifically prevent the aggregation of Aβ42 and 
reduce the toxicity in a dose-dependent manner.[49] Molecular tweezers such as CLR01 use 
electrostatic interactions to bind to lysine 16 and 28 in Aβ42.[50] This binding affects the structure of 
the “open” Aβ42-tetramer, altering it to a more compact conformation similar to the “closed” Aβ40 
tetramer. As a consequence, the formation of higher-order oligomers is inhibited.[51] Other IM-MS 
based studies showed that Cu(II) ions bind to the histidine 18 residue of hIAPP, which leads to a 
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stabilization of off-pathway oligomers and to an inhibition of hIAPP fibril formation.[52-54] A conformer-
specific inhibition for hIAPP aggregation was furthermore reported for the molecules silibinin [55] and 
insulin [56]. Silibinin exclusively binds to the extended β-hairpin hIAPP monomer (amyloidogenic 
precursor), and as a result the oligomerization is arrested. In contrast, the helical-rich insulin monomer 
is proposed to stabilize hIAPP in vivo by interacting with the compact hIAPP monomer. The interaction 
shifts the hIAPP monomer equilibrium to the compact helix-coil conformation and thereby reduces the 
abundance of the amyloidogenic precursor.  

 

Figure 4: Schematic MS profiling for specific (a), colloidal (b), non-specific (c) and negative (d) 
interaction between the peptide/protein monomer (M) and potential amyloid inhibitors (L). Example 
structures for each type of interaction are shown as insets and oligomers are denoted by O. (Adapted 
by permission from Macmillan Publishers Ltd: Nature Chemistry [7], copyright 2015.) 

Conclusion 

In the last decade, the outstanding potential of IM-MS as a tool for the analysis of the structure [24], 
assembly [27] and dynamics [8] of amyloid oligomers was demonstrated for various examples. 
Moreover, its impressive potential for amyloid inhibitor screening (with up to 5000 molecules per day) 
[7] as well as its unique ability to quantify the mode of interaction of inhibitors [48] was shown. Few 
other techniques are able to access such a wide range of information on such short time scales, and it 
is therefore likely that the separation power of ESI-IM-MS will contribute significantly to the elucidation 
of the assembly pathway and the development of novel amyloid inhibitors in the future. IMS on its own 
is only sensitive to the overall shape of the investigated ions and as such the obtained information 
content is limited. However, the real strength of the method becomes apparent when it is combined 
with other orthogonal techniques such as TEM or kinetic assays (e.g. HDX).[18,34] More importantly, 
also a direct coupling to orthogonal gas-phase techniques can be performed to obtain more detailed 
structural information. Very recently, IM-MS was for example used as a pre-selection tool to perform 
gas phase IR [38] or FRET [39] spectroscopy. These experiments led to new insights into the 
secondary structure of early amyloid intermediates, and it is likely that similar experiments will in the 
future be applied to study larger amyloid forming systems such as hIAPP and Aβ as well as the 
binding mode of inhibitors. 
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