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Abstract

Human islet amyloid polypeptide (hIAPP) forms amyloid deposits that contribute to β-cell death 

in pancreatic islets and are considered a hallmark of Type II diabetes Mellitus (T2DM). Evidence 

suggests that the early oligomers of hIAPP formed during the aggregation process are the 

primary pathological agent in islet amyloid induced β-cell death. The self-assembly mechanism 

of hIAPP, however, remains elusive, largely due to limitations in conventional biophysical 

techniques for probing the distribution or capturing detailed structures of the early, structurally 

dynamic oligomers. The advent of Ion-mobility Mass Spectrometry (IM-MS) has enabled the 

characterisation of hIAPP early oligomers in the gas phase, paving the way towards a deeper 

understanding of the oligomerisation mechanism and the correlation of structural information with 

the cytotoxicity of the oligomers. The sensitivity and the rapid structural characterisation provided 

by IM-MS also show promise in screening hIAPP inhibitors, categorising their modes of inhibition 

through “spectral fingerprints”. This review delves into the application of IM-MS to the dissection 

of the complex steps of hIAPP oligomerisation, examining the inhibitory influence of metal ions, 

and exploring the characterisation of hetero-oligomerisation with different hIAPP variants. We 

highlight the potential of IM-MS as a tool for the high-throughput screening of hIAPP inhibitors, 

and for providing insights into their modes of action. Finally, we discuss advances afforded by 

recent advancements in tandem IM-MS and the combination of gas phase spectroscopy with 

IM-MS, which promise to deliver a more sensitive and higher-resolution structural portrait of 

hIAPP oligomers. Such information may help facilitate a new era of targeted therapeutic strategies 

for islet amyloidosis in T2DM.
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1. Introduction

1.1 Islet Amyloid polypeptide

Islet amyloid polypeptide (IAPP, also known as amylin) is a 37-residue polypeptide 

hormone synthesised in the pancreatic insulin-producing β-cells. IAPP was originally 

isolated from amyloid deposits in the pancreatic islets of Langerhans from patients who 

had type-2 diabetes (T2D). IAPP is co-stored with insulin from the secretory granules 

in pancreatic β-cells in the islets of Langerhans and is released in response to the same 

stimuli that lead to insulin secretion (1–3). hIAPP has been shown to have essential roles in 

regulating metabolism and glucose homeostasis, by inhibiting postprandial glucagon release 

from α-cells (4). Additionally, IAPP influences gastric emptying and satiety (4, 5). It also 

traverses the blood-brain barrier (BBB), influencing the release of pancreatic hormones and 

the control of appetite (6).

Human islet amyloid polypeptide (hIAPP), however, forms pancreatic islet amyloid in T2D 

and in the pre-diabetic state. The process of amyloid formation contributes to β-cell death 

and dysfunction, exacerbating the disease and often compromising the success of islet 

transplantation (7, 8). The mechanisms of hIAPP amyloid formation, both in vivo and in 
vitro, are poorly understood.

hIAPP is synthesised as an 89-residue Prepro-IAPP, derived from the expression of the 

IAPP gene. Prepro-IAPP is first processed by cleavage of its 22-residue signal peptide 

to yield a 67-residue Pro-IAPP polypeptide (9). Subsequent cleavage of Pro-IAPP and post-

translational modifications (PTMs) occurs within the Golgi apparatus and the insulin β-cell 

secretory granules, culminating in the production of the 37-residue mature hIAPP (Fig.1). 

Mature hIAPP has an amidated C-terminus and a disulphide bridge between residues Cys2 

and Cys7 (10–13). The processing is vital as the C-terminus is required for full biological 
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activity (14), and several studies have suggested that aberrations in this sequence may lead to 

increased formation of islet amyloids (13, 15).

Native human IAPP (hIAPP) is categorized as an intrinsically disordered protein, which 

lacks a defined and stable globular structure but instead transiently adopts various rapidly 

converting and partially structured alpha-helical conformations (16, 17). hIAPP and its 

dimer form, exhibit transiently adopted α-helical structure primarily at residues 8–18 (N-

terminal region) and 22–27. The propensity of adopting such α-helical structure at the 

N-terminus has been proposed to be affected by the redox balance (18). The imbalance in 

the redox state may lead to ER stress, which has been proposed as one of the mechanisms 

of hIAPP-induced cytotoxicity in pancreatic β-cells (17, 18). The adoption of the partially 

structured α-helical conformation may facilitate the further conversion to β-conformation 

(17, 19, 20), which has a strong correlation with the early aggregation and cytotoxicity.

Comparison of IAPP from different species indicates that the amino acid sequences 

significantly influence amyloidogenicity and toxicity. Previous studies have shown that mice 

and rat IAPP (rIAPP) are non-amyloidogenic, whereas human IAPP readily aggregates 

into amyloid at neutral pH (21, 22). Notably, the region spanning residues 20–29 of 

hIAPP was initially considered as a critical ‘amyloidogenic core’ that might dictate IAPP 

amyloidogenicity. This was based on the observation that rat IAPP differs from the human 

peptide at six positions, five of which are located between residues 22 and 29 and three 

of which involve proline (23, 24). Studies of hIAPP variants with proline substitution 

outside the 20–29 region showed that they can abolish hIAPP amyloid formation (25, 26). 

Additionally, substitutions of Asn14 and Asn21 drastically affect amyloid fibril formation 

(25, 26). In contrast, substituting residues 18, 23 and 26 in rIAPP with the corresponding 

residues in hIAPP results in weak amyloidogenicity, even with the retention of the three 

proline residues (27). Thus, while these studies do not entirely diminish the importance of 

the 20–29 region in IAPP amyloidogenicity, they underscore the vital contributions of other 

regions on IAPP amyloid formation. Noh et al. recently conducted a sequence alignment of 

IAPP to generate consensus sequences (28). The study highlights distinctive characteristics 

of human IAPP, particularly the presence of residues His18, Phe23, and Ser29, alongside 

a notable absence of proline in the entire sequence (Fig.2). hIAPP contains a histidine at 

position 18, a residue occupied by arginine across all other primate sequences and prevalent 

in over 89% of the sequences examined. Proline substitutions in hIAPP have been observed 

to attenuate amyloid formation rates in vitro (23, 29), and the replacement at residue 28 has 

the most significant effect of the three prolines found in rat IAPP (30).

There are very few documented natural mutations of hIAPP. The Ser-20-Gly (S20G) 

missense mutation, predominantly found in individuals of Chinese and Japanese descent, has 

been associated with an increased risk of type-2 diabetes (31, 32). The S20G mutation, one 

of only two reported missense mutations in the IAPP gene, accelerates amyloid formation 

in vitro and leads to higher toxicity towards cultured cells and cultured islets (33–36). A 

recent study suggests that S20G may undergo a different structural organisation during the 

fibrillation compared to the wildtype (37). For example, S20G hIAPP aggregation is not 

affected by the small molecule inhibitor YX-I-1, which inhibits aggregation of the wildtype 

Dai et al. Page 3

Biophys Chem. Author manuscript; available in PMC 2024 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sequence (37). Studying the structural behaviour and the assembly of S20G may, therefore, 

provide novel insights into its enhanced amyloidogenicity and cytotoxicity.

1.2 The relevance of IAPP aggregation in Type II Diabetes Mellitus

Mature hIAPP is co-stored and released with insulin from β-cells, responding to signals 

that also trigger insulin release (38). IAPP helps modulate the pancreatic glucagon secretion 

from alpha-cells, inhibits gastric emptying and reduces eating. Food consumption leads to 

a rapid increase in circulating hIAPP, and it is known that exogenous hIAPP reduces eating 

soon after application (38). The effects of pancreatic hIAPP appear to be mediated in the 

central nervous system. Consequently, hIAPP analogues hold significant potential in treating 

metabolic disease and obesity (39, 40). Notably, the physiological concentration of hIAPP 

in granules far exceeds the threshold required for rapid amyloidogenesis observed in vitro 
(41, 42). This observation suggests intrinsic regulatory mechanisms within the secretory 

granules that inhibit IAPP aggregation under physiological conditions. Insulin, which is 

co-localized with IAPP, is postulated to be a key modulator of IAPP aggregation, along with 

the low pH environment of the granule (43). Studies indicate that soluble insulin can interact 

with IAPP, impeding its aggregation (44). However, within the granules, insulin exists in 

a semi-crystalline form complexed with zinc ions, complicating the extrapolation of these 

findings to an in vivo context (44–47). Additionally, the high concentration of zinc ions 

within the granules is also implicated as a potential inhibitor of hIAPP amyloid formation 

(48), but hIAPP-metal ion interactions remain incompletely understood and are an active 

area of investigation.

hIAPP amyloid deposition in the pancreatic islets of Langerhans is a hallmark of T2D, 

with pancreatic amyloid deposits reported in over 90 % of T2D patients (49, 50). Current 

research suggests that the toxic species are not the hIAPP fibrillar aggregates themselves but 

rather the soluble, lower-order oligomeric hIAPP intermediates that formed during the early 

aggregation (38).

These toxic hIAPP oligomers are implicated in cellular toxicity via various mechanisms that 

lead to β-cell damage and death, including membrane disruption (24, 38), mitochondrial 

dysfunction and oxidative stress (51), inflammation (52), endoplasmic reticulum (ER) stress 

(53), and activation of signalling pathways such as JNK, caspase cascade and the RAGE 

receptor (38, 52, 54–58). Aggregation of hIAPP to produce toxic oligomers likely also plays 

a key role in islet transplant failure and thereby may limit this treatment of type-I diabetes 

(59, 60).

1.3 IAPP Aggregation Pathways

The nucleation-dependent polymerisation model is a well-known model for describing 

protein aggregation that posits that the lag phase is characterised by structurally dynamic, 

transient, and heterogeneous oligomers. These oligomers can further associate to form 

higher-order oligomers, which can either serve as precursors of the amyloid in an on-

pathway process or fail to assemble into amyloid fibrils in off-pathway events (61, 62). 

In the on-pathway scenario, nucleus formation is crucial for fibril elongation, which 

consequently facilitates rapid fibril elongation and marks the transition to the growth phase 
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(63). The growth phase culminates in the saturation phase where the amyloid fibrils reach 

equilibrium with soluble peptide (38). Models that include secondary nucleation, wherein 

the surface of IAPP fibrils serves a catalysis for the generation of new aggregates are 

required to describe IAPP amyloid formation in vitro (64, 65). As amyloid formation 

progresses on a complex energy landscape, minor variations in experimental conditions 

can lead to formation of different polymorphs which alter the aggregation pathways. 

Aggregation appears to be optimally explained by a model that includes secondary 

nucleation. Initially, the monomers aggregate into higher-order oligomer and fibrils via 

primary nucleation and elongation process. When the quantity of fibrils reaches a critical 

threshold, the surface of the existing fibrils plays a crucial role in promoting and accelerating 

further fibril elongation and new oligomer formation, as depicted in figure 3 (65). Camargo 

et al. demonstrated that the t1/2 is linearly dependent on the logarithm of the fibril seed 

concentration, a key characteristic kinetic signature of an aggregation process involving 

a catalytic secondary pathway (66). The results presented by Camargo et al. are in good 

agreement with studies of other amyloid-forming peptides, such as Aβ and α-synuclein. 

Both of these polypeptides have been shown to undergo such secondary nucleation 

mechanisms (67–69). These theoretical and experimental studies underscore the complexity 

of hIAPP aggregation pathways and point out the importance of nuanced characterisation 

of the various oligomers and fibril seeds; such studies may shed light on the distinct 

mechanistic process of hIAPP aggregation.

Characterisation of oligomeric intermediates formed during hIAPP aggregation has been 

a key focus of research. Several studies have shown that depending on conditions, early 

oligomeric intermediates formed in the early aggregation stages are key toxic species 

(38, 58, 61, 62). These oligomers have been shown to induce β-cell death, while the 

mature hIAPP fibrils do not contribute to β-cell death in vitro (73, 74). Abedini et al. 
used time-resolved biochemical and biophysical assays to investigate the hIAPP oligomeric 

intermediates populated during the “lag phase” of amyloid formation (38). These oligomeric 

intermediates were found to be toxic, but mature amyloid fibrils were not. Camargo et al. 
showed that IAPP intermediate oligomers, rather than the mature amyloid fibrils represent 

the most toxic species in vitro (65). Consequently, a comprehensive molecular and structural 

knowledge of hIAPP oligomers is critical for studying hIAPP induced β-cell death and may 

pave the way to the development of targeted therapeutics.

1.4 Structural characterisation of IAPP oligomers

Efforts have been made to characterise the structure of hIAPP at each stage during its 

aggregation pathway in order to identify any structure-cytotoxicity correlations of hIAPP-

induced β-cell death and T2DM disease progression. The aim is to describe key structural 

elements that are crucial for fibrillation. Studies using photochemically induced cross-

linking have detected a distribution of hIAPP species ranging from monomers to hexamers, 

demonstrating that isolated hIAPP predominantly exists as low-order oligomers during the 

lag phase in vitro (38). This finding is further validated by Ion-mobility Mass Spectrometry 

(IM-MS) experiments (38). Circular dichroism (CD) has been used to demonstrate that 

hIAPP oligomers adopt helical structures (16, 17, 20, 75), a conclusion that is supported by 

isotope edited two dimensional infrared spectroscopy (2DIR) (70). Glodsbury et al. used CD 
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to monitor the in vitro aggregation of hIAPP and reported that the structure of hIAPP transits 

from a random coil to a β-sheet and α-helical structure prior to the final β-sheet fibrils 

formation (76). Later studies also reported the α-helical structure of hIAPP based on CD and 

2D-IR (70). The comparative analysis of 2D-IR spectra between mature hIAPP fibrils and 

the hIAPP intermediates isolated during the lag phase indicates that the intermediates exhibit 

a lower level of β-structure (70).

The structure of hIAPP in the membrane-like environment is worth studying as one of the 

proposed toxicity mechanisms is via hIAPP-membrane interactions. A nuclear magnetic 

resonance (NMR) structure of hIAPP suggested a disordered C-terminus (77). A solution 

NMR study of the SDS micelle-bound hIAPP structure from Nanga et al., however, 

demonstrated that hIAPP exists in a primarily α-helical conformation. This hIAPP structure 

is characterised by two helices spanning residues 7–17 and 21–28. These two helices are 

separated by a turn, resulting in a strongly bent structure and a helical C-terminus (78). 

Electron paramagnetic resonance (EPR) studies for micelle-bound hIAPP also reported the 

α-helical structure between residues 9–22 and no secondary structure at the terminal region 

(79). Other studies report that residues 20–22 of hIAPP adopted a fully helical structure 

to a lesser extent when bound to membrane or micelles (16, 77, 78). However, it is very 

important to note that the model membrane systems used in these studies are not good 

mimics of the β-cell plasma membrane as they usually lack cholesterol, have a simple lipid 

composition and a very high content of anionic lipids and lack membrane asymmetry.

Helical structure formation has also been observed in the Aβ peptide and α-synuclein, and 

has been proposed to affect amyloid fibril formation and toxicity (80, 81). These studies 

proposed a potential role of helical structure as a recognition factor for oligomerisation by 

acting as a seed for further oligomer formation by stabilising small β-sheet oligomers (82). 

In contrast to the challenges in characterising lowly-populated transient hIAPP oligomers 

in the early aggregation stage, hIAPP mature fibril structures have been studied by X-ray 

diffraction, solid-state NMR and cryo-EM (83–89).

Conventional bulk solution biophysical techniques report on the global averages of the 

species present and it can be difficult to deduce the contribution of individual types of 

oligomers and the role of inter- and intra-molecular interactions during the oligomerisation 

process. In addition, the transient and interconverting structural ensembles cannot be 

captured under native conditions (90). Single molecule studies can be performed, but 

these involve the labelling with dyes and the effects of the labels on aggregation may 

not always be benign and high-resolution structure information can be hard to obtain. 

Native Ion-mobility mass spectrometry (IM-MS) is, therefore, a promising technique for 

probing hIAPP structural dynamics under the native equilibrium of the ensemble (91). 

It is a powerful analytical method capable of isolating and differentiating transient and 

lowly-populated conformational families, requiring modest amounts of sample. IM-MS can 

thus provide a detailed conformational characterisation of hIAPP oligomers.

Dai et al. Page 6

Biophys Chem. Author manuscript; available in PMC 2024 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2. Ion-mobility Mass Spectrometry

Mass spectrometry (MS) is a powerful analytical technique that separates gas-phase analyte 

ions based on their mass-to-charge ratio (m/z), thus allowing the calculation of the 

analyte mass. When coupled with ion dissociation approaches, it can also elucidate the 

composition and structure of ions. The application of MS to biological macromolecules 

relies on the development of “soft” ionisation techniques, such as electrospray ionisation 

(ESI), that ionise biomolecules while preserving their structure and interactions with other 

biomolecules (92–94). The ionised gas-phase biomolecules are then separated in a mass 

analyser based on their m/z, and finally arrive at the detector where the ions are detected. 

Native MS employs nondenaturing and volatile solvents. Under tightly controlled pH, 

temperature and ionic strength conditions and the use of finely tuned instrumentation, native 

MS preserves the structures and interactions of proteins or complexes. Nowadays, nanoESI 

(nESI) is more widely used as it uses less sample and is more tolerant to salts compared 

to standard ESI. Different instruments, such as quadrupole ToF (QToF) and Orbitraps, have 

been commonly used in native MS studies (95).

Ion separation in IM-MS is based on their reduced mobility (K0) in a drift tube filled 

with inert buffer gas. In the typical drift-tube ion mobility spectrometry (DTIMS), a 

constant electric field is applied to drive the ions through the buffer gas-filled drift tube 

to the detector, with ions continuously colliding with the buffer gas. Ions of the same 

mass and charge but differing in conformation will exhibit different reduced mobility: 

more extended conformers will encounter more collisions and arrive at the detector later, 

resulting in a longer drift time (Fig 4, Top panel). The ion-mobility dimension and the 

rotationally averaged collision cross section (CCS) values provided by IM-MS are beneficial 

for resolving the situation where different oligomeric states overlap in the m/z dimension, 

but can be separated using the IM dimension. For instance, consider a monomer with a 

+1 charge state (denoted as n/z, where n represents the oligomeric state and z the charge 

state) and a dimer with a +2 charge state (represented as 2n/2z). In mass spectrometry, 

the isotopic peak distributions for these species would converge in the same m/z region. 

This overlap poses a significant challenge, especially for lower-resolution mass spectrometry 

instruments, which lack the capability to provide a distinct isotopic distribution necessary 

for the unambiguous identification of different charge states. Another way of distinguishing 

between such monomer and dimer species is to compare their collision cross sections 

provided by IM. Assuming a spherical isotropic growth for these oligomers, the CCS (σ) 

of an oligomeric state n, can be described as σ = σmon × n
2
3 , where σmon is the CCS value 

of the monomer (96). Higher oligomers generally exhibit larger collision cross section 

values compared to monomers. Additionally, these oligomers often carry higher charge 

states, which are accelerated faster through the drift tube due to the stronger forces they 

experience. To comprehensively analyse the influence of both CCS and charge states on ion 

mobility separation and the drift time, ion mobility is frequently described by the collision 

cross-section-to-charge ratio (Ω/z) (97). In the above example, the dimer that carries twice 

the charge (2n
2
3 /2z) will traverse the mobility cell faster than that of the monomer which 

carries a single charge (1n/1z  (Fig 4, Bottom panel). By incorporating an additional IM 
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dimension, IM-MS emerges as a powerful technique for the unambiguous differentiation 

of analytes in the gas phase, boosting the signal-to-noise and increasing confidence in 

molecule identification (98). By correlating CCS values with their m/z ratios, it has been 

shown that different classes of biomolecules – ranging from lipids, peptides, phosphorylated 

peptides, carbohydrates, and oligonucleotides – can be separated and identified, as they 

occupy distinct conformational landscapes (98, 99) (Fig 5 (a)). A similar trend also exists 

within each biomolecular class, IM-MS efficiently distinguishes isobaric species, such as 

leucine and isoleucine isomers (100), carbohydrate isomers (98), and lipid isomers (98), 

based on their conformational preference in gas phase.

The results of an IM-MS experiment are represented as the arrival time distribution (ATD). 

Gaussian peaks are often fitted to these ATDs to represent different conformational families 

(92). ATDs can be converted into the CCS either by calibration approaches (97, 99, 102), or 

via first principles (103, 104). The CCS can be considered the conformational envelope for 

a given protein in the gas phase (103). Experimental CCS values can then be compared with 

those calculated from structures or computational models (105). CCS values are, therefore, 

invaluable identification factors for differentiating proteins exhibiting different isomeric 

forms and structural dynamics (106).

Various IM methods have been introduced since the development of drift tube ion mobility 

spectrometry (DTIMS). These include differential mobility analysis (DMA) (109), travelling 

wave ion mobility spectrometry (TWIMS) (110), and trapped ion mobility spectrometry 

(TIMS) (111). Each method varies in its instrumental setup and in the way it measures 

reduced mobility and collision cross section (CCS) values. As previously mentioned, 

DTIMS applies a constant electric field across the drift tube, allowing CCS values to be 

calculated directly from the Mason-Schamp equation (112):

Ω = 3ez
16N

2π
μkBT

1
2 1

K0

Where Ω is the CCS, e is the elementary charge, z is the analyte ion charge state, N is the 

density of the buffer gas, μ is the reduced mass of the collision, kB is the Boltzmann constant 

and T is the absolute temperature in Kelvin. TWIMS, unlike DTIMS, creates an electrical 

wave which moves along the device (113). The electrical wave is achieved by a stacked 

ring ion guides (SRIGs). These alternate the electric field when the transient DC voltage 

is applied (110, 114). In TWIMS, ions with expanded conformations travel on the wave 

more readily than the compact ions, resulting in a longer arrival time. Obtaining the CCS 

from TWIMS is not possible through direct calculation from first principles, as in DTIMS 

(103, 104). Instead, it requires a CCS calibration using standards of known CCS values 

(115). Both DTIMS and TWIMS are known as time-dispersive IM-MS, as the mobility is 

reflected by the time taken to travel through the drift tube (116). Spatially dispersive IM-MS, 

such as differential mobility analysis (DMA) (117) and field asymmetric waveform IMS 

(FAIMS) (118), utilise the gas flow perpendicular to a modulated electric field, allowing the 

separation of ions into distinct regions based on their ion mobility. Field-dispersive IM-MS, 

including Trapped IMS (TIMS), uses a gating field and opposing gas flow to “trap” and 
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elute ions to traverse the drift region (119). These techniques provide different resolving 

power that can be tailored to each application. The growing popularity of using different 

IM-MS instruments is reflected in the exponential increase in publications on the subject 

(116).

The IM dimension can be indispensable in elucidating the structural evolution of oligomers. 

Typically, granular aggregates stem from isotropic growth of oligomers, while fibrils result 

from unidirectional growth (96). First described by Bleiholder et al., the differences between 

these two types of structural evolution can be distinguished by plotting the CCS value 

as the function of an increasing number of oligomeric states (Fig 5 (b)). As mentioned 

previously, the CCS (σ) of an oligomeric state n in isotropic growth, can be described as 

σ = σmon × n
2
3 , where σmon is the CCS value of the monomer (96). In contrast, the CCS values 

for ideal fibril growth form a linear relationship described by σ = an + k, where a and k 

are indicative physical parameters of the fibril shape. This CCS against oligomeric state 

method allows for the delineation and comparison of the growth and assembly mechanisms 

of the oligomers. Based on the CCS values provided by IM-MS experiments, this approach 

has been applied to study different amyloid systems (120, 121). Seo et al. integrated IM-

MS with gas-phase infrared spectroscopy (IR) to study the structural evolution of amyloid-

forming peptides VEALYL (87, 96, 120, 122). The derived CCS plot of VEALYL oligomers 

deviated from the trajectory of the ideal isotropic growth. This suggests a polydisperse 

and polymorphic nature of VEALYL oligomers (120). A recent study by Khaled et al. 
further demonstrated how IM-MS and CCS plots could resolve the shape of the growing 

Aβ oligomers (121), demonstrating that after isotropic tetramer formation, the CCS of 

further Aβ oligomers deviates from the isotropic models and forms an extended shape. 

Contrastingly, the truncated Aβ segment (Aβ1–28) that has the β-hairpin forming region 

removed forms oligomers with CCS values that are more relevant to the ideal isotropic 

model. Hence, by utilising experimental CCS values, IM-MS helps distinguish the shapes of 

oligomers, providing crucial structural insights into their aggregation assembly mechanism.

IM-MS offers several advantages that are particularly useful for studying protein systems 

like IAPP. The use of IM-MS can sample the entire conformational landscape, making it 

ideal for studying proteins that co-exist in multiple conformations and are transient, such as 

intrinsically disordered proteins (123). IM-MS is also widely used in biotechnology settings, 

providing a detailed characterisation of the kinetics, structural changes, and stability upon 

drug binding (97).

Ion activation methods, whereby the internal energy of an ion is intentionally increased prior 

to IM-MS analysis, have been used to reveal the structural dynamics and the gas-phase 

stability of ions (124–126). Early injection energy studies increased the energy by which 

ions enter the IM-MS device, and were used to probe the unfolding of a number of model 

and disease-related proteins (89, 106, 107) Collision induced dissociation (CID), which 

is most commonly used to fragment the peptides when applied to proteins or protein 

complexes, induces the unfolding of the protein, in a process commonly termed collision 

induced unfolding (CIU) (129). CIU has been extensively applied to compare the tertiary 

structure, gas-phase stability and ligand binding of protein complexes (125, 130–133). These 
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methods, typically visualised through IM-MS driftscope plots and CIU fingerprint heatmaps 

– alongside the aforementioned CCS-related plots, have emerged as powerful tools for 

studying protein structure and dynamics, unfolding and aggregation of antibodies, Aβ, β-2 

microglobulin, and viral capsid assembly (96, 108, 134, 135). A driftscope plot presents 

a two-dimensional mapping of arrival time versus mass-to-charge (m/z) ratio, with each 

point designating a detected ion (Fig 5 (c)). It has been widely used in identifying protein 

binding interactions, including antibody conjugation and small-molecule drug binding 

(107). Debaene et al. demonstrated the use of native IM-MS to characterise antibody 

drug conjugates by the comparison of the driftscope plot of drug loading on brentuximab 

vedotin to the unconjugated monoclonal antibody brentuximab (107). This allows a rapid 

assessment of antibody drug conjugate structure, binding stoichiometry, and conformational 

changes (107). In IM-MS, the heat map fingerprints can be generated through collision 

activation experiments that use increasing collision energy to reveal how protein structures 

unfold and disassemble, as shown in Figure 5(d). The heat map depicts the arrival time 

distribution at each collision energy, reflecting how ion mobility and, consequently, the CCS 

value, increases as the protein unfolds with increasing internal energy. IM-MS-derived heat 

maps are now widely recognised as the fingerprint profile for protein structural stability, 

aiding the discovery of structural intermediates (136), assessing polydispersity (137), ligand 

binding or protein conformational variations (138). Furthermore, these IM-MS data have 

provided a fruitful resource compatible with computational modelling in biophysics and 

structural biology. The CCS values and energetic profiles obtained by IM-MS serve as a 

structural envelope, or the constraints can be used to validate or refine structures modelled 

by computational methods such as molecular dynamics (MD) or docking experiments. Work 

by Biehn et al. has developed a scoring model which utilises IM-MS CCS data to improve 

the protein tertiary structure prediction by penalising the difference between the CCS values 

of the predicted structure and the experimental CCS values available (139).

Relatively recent work has combined gas phase spectroscopic measurements with IM-MS. 

These methods combine the exquisite ability of IM-MS to separate and trap species with 

structural methods that provide more detailed information than CCS values. Both gas phase 

IR and gas phase Fluorescence energy transfer (FRET) have been incorporated with IM-MS. 

By integrating gas phase IR with IM-MS, ionised species can be selectively analysed 

through mass and ion-mobility dimensions, and their secondary structure can be probed 

(140–143). IR is well known to be sensitive to secondary structure in solution and the 

amide-I mode, primarily a C=O stretch, is widely used to study secondary structure. The 

density of ions in the gas phase is normally too low to perform absorption IR measurements, 

instead the spectrum is mapped out indirectly. In one method, the sample is irradiated 

with a high energy pulse of IR photons resulting in multiphoton absorption provided the 

IR radiation is resonant with an IR active mode. The multiphoton absorption leads to 

fragmentation which can be detected by MS. Thus, by using a tuneable IR source and 

monitoring the amount of fragmentation produced as a function of wavelength an IR “action 

spectrum” can be obtained. The IR action spectrum obtained does not have to match that 

of a conventional IR absorption spectrum. The addition of IR to IM-MS allows for the 

identification and validation of unique structural elements within the oligomers, providing 

further evidence for their structural evolution. To date the method has been applied to study 
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the aggregation of small peptides derived from insulin and from IAPP as well as a fragment 

of Aβ (120, 121, 144). The intense IR source required, a free electron laser, means the 

technique is specialised and to date has been applied by a few labs only. IR spectra of gas 

phase ions can also be measured using infrared predissociation spectroscopy of cold ions 

and this avoids the use of free electron lasers (145, 146).

Fluorescence energy transfer (FRET) has also been interfaced with mass spectrometry, 

including with IM-MS (147). In FRET, a donor fluorophore and an acceptor fluorophore are 

conjugated to the protein or biomolecule of interest (in some cases, intrinsic fluorophores 

can be exploited). The donor absorbs photons of a specific wavelength, and if the donor-

acceptor distance is small enough, radiationless energy transfer occurs, provided, there is 

an overlap between the emission spectrum of the donor and the absorption spectrum of the 

acceptor. If these conditions are met, red-shifted fluorescence emission from the acceptor 

is detected. The intensity of the FRET signal is sensitive to distance, varying as one over 

the sixth power of the distance, and FRET has been widely applied as a “molecular ruler” 

in solution experiments and used to monitor the proximity of biomolecules in vivo (148). 

FRET is challenging to carry out in the gas phase because, like with IR, the low ion 

population that is trapped makes optical measurements difficult. Dugourd and coworkers 

developed “Action FRET” to overcome these difficulties (149). In this measurement 

dissociation of the acceptor chromophore and parts of the biomolecule near the acceptor 

are used to monitor the FRET signal and probe the proximity of the donor and acceptor, 

Action FRET avoids many of the difficulties of optically detected FRET since fragmentation 

products are detected instead of light many of the sensitivity problems of optically detected 

FRET from stored gas-phase ions can be avoided. The method has been applied to Aβ 
peptides and to intact globular proteins (150–152). Action FRET does require measurements 

at many wavelengths to cover the absorption bands of both donor and acceptor. Optical 

detection overcomes this technical complication. Optical detection of FRET of trapped ions 

has also been developed and combined with MS and has been recently reviewed by Nielsen 

and coworkers (153). The combination of FRET and IR with IM-MS holds great promise 

and as instruments become more accessible should have a significant impact on studies of 

amyloid aggregation.

Given the advantages that IM-MS offers, it is unsurprising that it has been extensively 

applied to study the structural dynamics of hIAPP, as well as to understand hIAPP 

aggregation and its correlation with the hIAPP amyloid-induced β-cell toxicity. This review 

summarises the application of IM-MS in elucidating the mechanisms of hIAPP amyloid 

formation and its interactions with ligands and small molecules, demonstrating the benefits 

of using IM-MS in this field. Furthermore, the review discusses the future potential of 

recent developments in ion mobility instrumentation, notably the development of tandem 

IMS instrumentation, to address and overcome the current challenges in studying hIAPP 

amyloidogenesis and cytotoxicity.
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3 Investigation of hIAPP Aggregation through IM-MS

3.1 hIAPP intrinsic amyloidogenicity: An IM-MS perspective

Molecular dynamics (MD) simulations and experimental studies, have revealed the 

aggregation capability of IAPP fragments (154). The self-aggregation of IAPP has 

sometimes been attributed to the intrinsically “amyloidogenic domains” within its sequence, 

particularly the region spanning from 1–8 (K1CNTA5TCA8), 20–29 (S20NNFGA25ILSS29, 

which has been known as the “amyloidogenic core”) and a fragment from the C-terminal 

S28STNVG34 region (96, 154–156). Although the situation is more complex in the intact 

molecule, the study of peptide fragments can provide useful insights and was an important 

early step in studies of hIAPP amyloid formation. The characterisation of individual 

“amyloidogenic domains” may also facilitate the identification of targets for therapeutic 

intervention. However, it is important to note that there is not a single amyloidogenic 

domain in hIAPP and peptide fragments of hIAPP are usually slower to aggregate than 

the full-length polypeptide when studied at similar concentrations. While the aggregation 

mechanism of small peptide fragments may mimic that of the full-length polypeptide 

it does not have to. Owing to the sensitivity of IM-MS, it is ideal for monitoring 

detailed conformational changes and the potential formation of transient and heterogeneous 

oligomers for those IAPP fragments and full-length hIAPP with similar masses.

3.1.1 hIAPP fragments landscape: N-terminus to C-terminus aggregation 
profiles—The hIAPP N-terminus region (K1CNTA5TCA8, residues 1–8) contains a 

disulphide bond between Cys2 and Cys7 that has been reported to contribute to IAPP 

structural and functional activities in vivo, thus making the N-terminal region studied 

for IAPP function (157, 158). The isolated N-terminal segments have been studied, and 

different oxidation states of the disulphide were subjected to IM-MS studies in an effort 

to understand how the disulphide bond contributes to the IAPP oligomer formation and 

further aggregation (154). Ilitchev et al. prepared three forms of the hIAPP N-terminal 

peptide K1CNTA5TCA8: the wildtype (oxidised) 1–8 fragment, the reduced 1–8 fragment 

that lacks the disulphide bond, and a cysteine-to-serine mutant for IM-MS analyses (154). 

Mass spectrometry indicated oligomer formation up to heptamers for all three species under 

physiological pH, making it challenging to discern the disulphide bond’s role in aggregation 

based on studies of these fragments (154). Differences emerged, however, in the arrival time 

distributions (ATDs) and corresponding collision cross-section (CCS) values (Fig 6). The 

oxidised fragment was observed to form fewer higher-order oligomers, and adopted a much 

more compact conformation in its lower-order oligomeric state, whereas the conformation of 

its higher-order oligomers was more extended than those of the reduced and the mutant form 

(154). Atomic Force Microscopy (AFM) images showed that wildtype oxidised fragments 

formed larger globular aggregates upon seeding with fibrils formed by full-length hIAPP, 

whereas the reduced and mutant, formed more compacted structures. MD results revealed 

that the compacted structures contained higher intermolecular hydrogen bonding (154). 

Collectively, the application of IM-MS showed that the presence of an oxidised disulphide 

bond in the N-terminal region may reduce IAPP aggregation, with fewer higher-order 

assemblies observed. The CCS values also suggested that the disulphide bond may provide 

structural constraints by reducing intermolecular hydrogen bonding and β-strand structure 
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formation during lower-order oligomer formation. Independent studies of full length hIAPP 

in solution showed that the disulphide plays a role in slowing amyloid formation in vitro 
(159).

The 20–29 region of IAPP, S20NNFGA25ILSS29, also proposed to be the “amyloidogenic 

core” (23), has been observed to form a β-sheet structure spanning the residues 23–27 

during the fibrillation process, indicating the importance of this region in aggregation (23). 

Earlier studies have shown that the hIAPP20–29 segment can form amyloid in isolation 

(23, 24). Thus, fragments of this region have been extensively studied using IM-MS-based 

methods to probe the intrinsic aggregation propensity of these regions of the sequence 

(160, 161). The fragment N22FGAIL27 is the shortest hIAPP sequence known to form 

amyloid fibrils at near physiological pH and is toxic to pancreatic cell lines (162). It has 

been hypothesised that oligomerisation of this fragment may arise from the hydrophobic 

interactions that further evolve into amyloid fibrils composed of antiparallel β-strands 

(162, 163). In contrast amyloid structures formed by full length hIAPP all contain parallel 

β-strands. Hoffmann et al. demonstrated that the N22FGAIL27 fragment undergoes a 

nucleation-dependent aggregation mechanism using IM-MS to monitor the conformational 

changes during aggregation (164). The mass spectrum of N22FGAIL27 showed a wide 

distribution of oligomers, from single-charged monomers to quadruple-charged 13-mers 

(164). The IM-MS data further showed that various conformations and higher oligomeric 

states of the same m/z value exist. The structures of oligomers, starting from tetramers 

as reported with the CCS values, ranged from compact to highly extended structures. For 

instance, the CCS values corresponding to +3 pentamers have compacted species with 

a CCS of 520 Å2 and more extended species with a CCS of 540 and 566 Å2. This 

trend of co-existing compact and extended conformers within the same oligomeric state 

was consistent for higher oligomeric states (hexamer to decamer), but not for lower-order 

species (164). The conformational data provided by IM-MS suggested that the N22FGAIL27 

tetramer may be the point of structure transition towards a more partially folded, presumably 

β-sheet-rich structure. IM-MS and thioflavin-T (ThT) fluorescence data for the 8–20 

fragments also reported that β-sheet-rich structures begin at the level of tetramer (165). 

IR measurements of this peptide also proposed the existence of a turn-like structure in lower-

order assemblies, with extended β-sheet-rich structures becoming prominent in tetramers 

to 10-mers. A similar structural transition has been reported for several amyloid-forming 

proteins (96, 164). Overall, IM-MS efficiently demonstrated the conformational transition 

of the N22FGAIL27 from a turn-like and/or unordered structure to β-sheet-rich oligomers 

during on-pathway aggregation, indicating that such conformational transitions may be a 

signature feature of amyloidogenic proteins.

The IM-MS study focusing on the S28STNVG33 fragment led to a self-assembly pathway 

that contrasts the aforementioned structural transition to the extended β-sheet structure 

during the very early aggregation stage. Bleiholder et al. demonstrated that IM-MS could 

unambiguously reveal the isotropic oligomers formed by S28STNVG33 fragments (96). The 

CCS values indicated that S28STNVG33 self-assembles through orientationally isotropic 

compact oligomers until the “steric zipper” motif of two interdigitated extended β-strand 

appears at the undecamer stage (96). The study presented an aggregation model for 

S28STNVG33, where initial isotropic oligomerisation precedes before fibrillar structure 
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formation, with a pivotal transition with two extended β-strands emerging at oligomers 

of 12 or 14 S28STNVG33 subunits. AFM images showed granular structures resulting from 

isotropic aggregation and fibrillar aggregates resulting from β-sheet-rich fibril development 

(96). The results presented in that work, along with those from the previously mentioned 

studies on IAPP fragments, suggest that these IAPP fragments may not be the sole 

determinants of amyloid formation. The use of isolated IAPP fragments may represent 

an oversimplified model of the aggregation processes of full-length IAPP, especially when 

considering in vivo behaviour.

3.1.2 Full-length hIAPP: From monomers, dimers to higher-order oligomers
—The aggregate-forming capability of individual small peptides derived from aggregation 

prone regions of hIAPP has been demonstrated with IM-MS, but the behaviour of the 

full-length hIAPP may present a more complex scenario. IM-MS and molecular dynamics 

(MD) simulations have been used for the structural characterisation of full-length hIAPP 

monomer, dimer and higher-order oligomers (155, 166).

In important early work the +4 charge state of full-length hIAPP monomer identified by 

Dupuis et al. contains two structural conformers with CCS values of 770 Å2 and 653 

Å2 (155). These conformers matched extended β-strand and compact helix-coil structures 

derived from the MD simulations. The extended β-hairpin structures of this +4 charge state 

hIAPP and non-amyloidogenic rIAPP were compared using IM-MS and MD. The extended 

β-hairpin secondary structure is significantly less pronounced in rIAPP, highlighting that the 

formation of the proposed β-hairpin is essential in amyloidogenic hIAPP. This extended β-

hairpin structural feature may stabilise the hIAPP for further oligomerisation (155). Similar 

structures have been proposed for other amyloid-forming proteins, such as α-synuclein 

and Aβ (121, 167, 168). These proteins, including hIAPP, have been shown to bind to an 

affibody that recognises β-hairpin structures, indicating a shared conformational preference 

among these amyloidogenic proteins (167). The extended β-hairpin-rich hIAPP conformers, 

derived from MD simulations and CCS measurements by IM-MS, underscore the role of 

β-hairpin formation in advancing hIAPP towards further aggregation and fibril formation. 

This finding further underscores the effectiveness of IM-MS in refining hIAPP aggregation 

models.

Following the observation of the extended proposed β-hairpin conformation in hIAPP 

monomer, IM-MS was used to probe the role of this structure in the dimerisation of IAPP 

(166). Comparing the ATDs of the +5 dimer for hIAPP and rIAPP, it was evident that the 

hIAPP dimers at +5 charge states adopted a more elongated conformation with the CCS 

value of 1150 Å2, whereas the rIAPP dimer displayed a more compact conformation with 

the CCS value of 1033 Å2. The difference suggests the contribution the higher β-sheet 

content has in the extended hIAPP dimers. The MD analysis revealed that the extended 

β-strand conformation successfully recruited the coil region of the monomer during the 

dimerisation, transitioning the coil monomer into a β-strand at the monomer-monomer 

interface (166). The conformations identified by this IM-MS study suggest an aggregation 

pathway that may involve the early conformational transition into an extended β-strand 

conformer rather than the initial formation of helix-rich oligomers, which are followed 

by the β-sheet oligomers in later aggregation stages (166, 169, 170). It is interesting to 
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compare the IM-MS results to time-resolved solution studies. Bulk solution studies using 

time resolved two dimension IR methods in combination with specific 13C18O labelling 

suggest that α-helical structure is formed early in aggregation, as do CD studies, and that 

a key oligomeric species containing intermolecular parallel β-sheet structure is formed (82, 

160, 171).

Young et al. utilised IM-MS to demonstrate the formation of hIAPP oligomers up to 

hexamers of hIAPP soon are dissolving the peptide at pH 6.8 (169). rIAPP was observed to 

form similar higher-order assemblies as hIAPP, indicating that the formation of oligomers 

does not always lead to amyloid fibril formation and implying that the properties//structure 

of the oligomers are important. The CCS values revealed that hIAPP consistently adopted 

a more extended conformation that occupies a larger population since the early aggregation 

stage (169). The distinction in the conformations of these two species highlights again 

the potential involvement of the extended conformation in hIAPP early state aggregation 

formation. A gas-phase stability comparison of the hIAPP and rIAPP oligomers was 

performed by subjecting the oligomers to increasing collision energies and suggested that 

the reduced gas-phase stability of early hIAPP oligomers is linked to amyloidogenicity. 

The reduced gas-phase stability is consistent with the observation that hIAPP oligomers are 

destabilised at higher ionic strength, presumably due to the lower structural stability of these 

early-stage transient oligomers, which predisposes them to sample and adopt amyloidogenic 

conformations (169).

3.2 IM-MS links the structural dynamics of aggregation to the toxicity in full-length hIAPP

After establishing that both hIAPP fragments and full-length molecules can form higher-

order oligomers detectable by IM-MS, attention shifted towards understanding the effect of 

specific residues on full-length hIAPP amyloidogenicity and cytotoxicity. The development 

of Pramlintide, an IAPP analogue for treatment inspired by the non-amyloidogenic rat 

IAPP which differs from hIAPP at key residues including three proline substitutions, 

still faces solubility challenges and pH-dependent oligomerisation. These characteristics 

of Pramlintide have been shown by IM-MS and ThT fluorescence studies (172). This 

underscores the need for new hIAPP analogues and a deeper understanding of the impact 

of the specific residues on hIAPP aggregation and cytotoxicity. IM-MS is crucial in 

this pursuit, enabling detailed comparisons of hIAPP variants conformational properties 

and establishing links between structural properties, amyloidogenicity and cytotoxicity. 

The valuable information provided by IM-MS experiments will be vital in guiding the 

development of effective analogues with therapeutic applications.

hIAPP is not only able to form amyloid, but it also induces β-cell dysfunction and cell death. 

Comparative analyses of hIAPP sequences with IAPP sequences from other species, such as 

rat IAPP, bear IAPP and sheep IAPP, have revealed some key residue substitutions in hIAPP 

that may be important for its amyloidogenicity and toxicity (173). Ridgway et al. employed 

IM-MS as part of their studies of the amyloidogenicity and toxicity changes in hIAPP due 

to the proline substitutions found in rat IAPP, including IAPPA25P, IAPPS28P, IAPPS29P and 

double proline substitutions IAPPA25P S28P, IAPPA25P S29P and IAPPS28P S29P (30). In that 
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study, S28P was shown to have a significant role in reducing amyloid formation and toxicity 

(Fig 7 (A)(B)).

IM-MS studies of these peptides measured the tendency of the IAPP analogues to form 

lower-order oligomers. The mass spectra showed a mixture of monomers and dimers 

reported for all proline analogues (Fig 7 (C)) with some higher-order oligomers also 

observed (30). Unlike the significant differences in toxicity observed in proline analogues, 

the CCS values for these hIAPP variants were shown to be very similar, but with notable 

differences, primarily in the +4 monomers and the +5 dimers. All hIAPP variant +4 

monomers have two conformations: extended and compacted. Notably, the extended +4 

monomer of IAPPS28P S29P showed a reduction of ~8–9% in the CCS value compared to 

the counterparts, indicating a more compacted monomeric structure. As for the dimers, 

only IAPPA25P S28P, and IAPPS29P were reported with a single conformation, instead 

of two conformations reported for other peptides. Previous MD studies proposed the 

S28P substitution may promote the stabilisation of the local helical structure and delay 

aggregation by preventing the extended β-sheet structure formation (174, 175). However, the 

proposed S28P effects on compacting the IAPP monomer were not observed in this IM-MS 

study.

The intensity-weighted standard deviation of the CCS distribution (IWSDCCS) serves as a 

complementary metric to monitor protein unfolding in collision-induced unfolding (CID) 

experiments. Ridgway et al. used the IWSDCCS metric to describe the extent of unfolding 

by detecting changes in CCS, thereby characterising the structural properties of IAPP (101). 

While all monomers showed similar IWSDCCS values, the dimers varied, with the IAPPA25P 

dimer exhibiting a notably wider CCS distribution (30). This suggests a unique unfolding 

behaviour for the IAPPA25P dimer. No apparent relationship could be established between 

the CCS values or IWSDCCS of the analogues and their tendency for amyloid formation, 

and cellular toxicity could be established based on the results. No detectable relationship 

was derived between the extended conformers and the abundance of the dimer or monomer 

populations with the solution T50 for amyloid formation and or the EC50 of toxicity (30). 

Perhaps the important transient and low-populated structural features are not discernible in 

monomer and dimer conformations or are too subtle for current CCS measurements. It is 

also possible that they are not correlated with toxicity and the rate of amyloid formation. 

Future advancements in high-resolution IM-MS and tandem IM-MS techniques will help 

resolve populations with similar CCS distributions more effectively, and the combination 

of IM-MS with spectroscopic measurements should yield finer structural insights to inform 

the relationship between hIAPP amyloid structure and toxicity. Thus, there are clearly many 

fruitful opportunities for future IM-MS studies of hIAPP aggregation.

3.3 Probing the interaction of metal ions with IAPP and their role in IAPP aggregation

The interplay between metal ions and hIAPP and amyloid formation is complex. A recent 

review by Alghrably et al. discussed how metals such as copper (Cu), zinc (Zn), aluminium 

(Al) and iron (Fe) are associated with amylin aggregation and T2DM (176). Zinc ions are 

notably abundant in pancreatic β-cell insulin secretory granules. The balance of zinc to 

hIAPP ratio in the β-cell granules may be crucial in maintaining hIAPP in its physiological 
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functioning state, while the disruption of this concentration balance may possibly be linked 

to hIAPP aggregation. However, the intragranular environment is complex. Although Zn 

ions are present at high concentration, the bulk of the Zn ions are associated with insulin 

and the insulin Zn complex forms a dense semi-crystalline core, the so-called dense core 

of the granule. hIAPP is found in the periphery of the granule, the halo-region. The halo 

region also contains soluble C-peptide, derived from the processing of insulin and other 

ions in addition to Zn (177). Thus, translating the results of in vitro experiments in buffer 

can be difficult. Further complicating the analysis, the effects of Zn2+ can be bimodal. 

Ramamoorthy, and coworkers have shown that low concentrations of zinc delayed hIAPP 

aggregation at physiological pH, but high concentrations of zinc enhanced aggregation 

(178).

In terms of copper ions, reports conflict on whether copper ions suppress or exacerbate 

hIAPP amyloid formation and toxicity, making the impact of copper ions in hIAPP 

conformational changes debatable (176). Several experimental approaches, including mass 

spectrometry, atomic force microscopy (AFM), X-ray photoelectron spectroscopy, and NMR 

have widely been used to investigate interactions between different metal ions with hIAPP 

(179). A comprehensive review by Moracci et al. provides an exhaustive summary of 

findings from these methodologies concerning the interplay between metal ions and hIAPP 

(180). For the purposes of this review, we specifically focus on studies employing IM-MS. 

IM-MS stands out for its unique ability to examine detailed IAPP-metal ion binding 

stoichiometries and elucidate the effects of these binding events on the conformational 

landscape of IAPP.

3.3.1 Rapid assessment of copper ion inhibition of hIAPP aggregation 
via IM-MS—A previous study incorporating mass spectrometry, solid-state NMR and 

computational simulations indicated that copper (II) instigates notable structural changes 

in hIAPP leading to a preference for a compact conformation, which in turn decreases 

the progression towards oligomer formation. This change in structural equilibrium is also 

evidenced by changes in hydrogen exchange kinetics and limited proteolysis experiments 

confirmed by MALDI-MS, pinpointing the His-18 region as the potential primary copper 

binding site (181).

The intricate interactions between copper ions and hIAPP and their effects on hIAPP 

aggregation and conformation have been studied using ion mobility separation (IMS) in 

conjunction with laser ablation electrospray ionization mass spectrometry (LAESI-MS). 

LAESI-MS is an ambient ionisation technique that combines laser ablation from a mid-

infrared laser to generate gas-phase ions via the interactions with charged particles in 

electrospray (182). Integrating LAESI with IM-MS provides an additional benefit for 

studying noncovalent complexes in their more native state (183). Research by Li et al. has 

shown the effectiveness of LAESI-IMS-MS in elucidating the binding stoichiometry, metal 

ion oxidation state and binding kinetics of the hIAPP-Cu2+ complex, as well as tracking 

the changes in hIAPP conformation induced by the Cu2+ interaction (184). When hIAPP 

was incubated with Cu2+, the LAESI mass spectrum revealed the formation of hIAPP-Cu2+ 

complexes in +5, +4, and +3 charged states, each binding with a single Cu2+ ion. The copper 

in these complexes was confirmed to be in the +2 oxidation state, and no reduction to the 
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+1 state was observed. This was determined from the isotopic peak distribution analysis in 

the mass spectrum for the +5, +4 and +3 charged hIAPP-Cu2+ complex ions. Tandem mass 

spectrometry was used to identify the preferred copper-hIAPP interacting sites. To identify 

the copper ion binding site in hIAPP, Collision-Induced Dissociation (CID) was performed 

on both the +4 hIAPP ions (m/z 976.233) and the copper-bound hIAPP complex [hIAPP–

Cu2++2H]4+ (m/z 991.459). The CID fragmentation pattern of the copper-bound +4 complex 

revealed the presence of b25 and b26 fragments, which are consistent with the fragmentation 

pattern of the +4 hIAPP ions. The notable absence of b17 fragments in the CID spectrum of 

the [hIAPP–Cu2++2H]4+ ion implies that t amino acid residues 18–25 (–H18SSNNFGA25–) 

are likely the copper coordination site (184). This result aligns with the findings from the 

limited proteolysis experiments and MS analysis of Sinopoli et al. (181).

IM-MS has been utilised for its exceptional capacity to differentiate between hIAPP 

conformations, detecting changes and potential oligomerisation resulting from copper 

binding. In the absence of copper binding, IM-MS discerned two conformers for +3 

monomeric hIAPP with CCS values of 611.2 Å2 and 646.5 Å2. These two experimentally 

detected conformations are assigned to the same structures derived from the simulations: one 

simulated in a solvent-free vacuum, and the other, a β-sheet-rich structure, resulting from a 

simulation that eliminated all water molecules followed by energy minimisation. For the +4 

monomeric hIAPP ions, two conformers with CCS values of 594.2 and 747.8 Å2 were also 

assigned to the solvent-free conformation and the long β-hairpin structure conformation, 

respectively (155). The deconvoluted drift time (DT) distribution indicated that the favoured 

conformations of +3 hIAPP and +4 hIAPP monomeric ions were distinct, with the β-sheet 

rich structure being more abundant in the +3 hIAPP ions, while the other structure was 

dominant in the +4 hIAPP ions. Following this, IM-MS was then applied to ascertain 

the CCSs values of +3 and +4 hIAPP ions in the presence of Cu2+ complexation (184). 

The measured CCSs value for the +3 and +4 charged hIAPP-Cu2+ complexes exhibited 

almost identical CCSs values with the +3 hIAPP ions, suggesting that the Cu2+ binding 

does not significantly change the hIAPP conformations. Nonetheless, subtle variations in 

the conformer abundance were still noted, which may offer further insight into to the 

preferential biding sites mentioned above.

The use of LAESI-IMS-MS enables rapid and high-throughput analysis of copper-hIAPP 

complex formation and the changes in oligomerisation of hIAPP. IM-MS facilitates the 

examination of the detailed conformations of hIAPP across different charge states by 

utilising collision cross-section (CCS) values. It also provides evidence supporting the 

inhibitory role of copper in the formation of IAPP oligomers, potentially by disrupting 

β-sheet formation in the critical His18 region.

3.3.2 IM-MS identifies the hIAPP conformational transitions induced by Zinc
—Under physiological conditions, zinc exists in millimolar concentration within the 

secretory granule, playing an essential role in packaging of insulin into insulin granules 

and storing it into the dense core. Two zinc ions are required per insulin hexamer, which 

eventually results in the high millimolar concentration of zinc in the secretory granule. 

Although zinc ions interact directly with insulin under physiological conditions, they are 

also known to modulate hIAPP aggregation in vitro through coordination with hIAPP (46, 
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185, 186). Several independent groups have reported that hIAPP aggregation inhibition 

could be observed only at intermediary zinc concentration, whereas either very low or very 

high zinc concentration could enhance hIAPP aggregation (48, 178, 187). Collectively, the 

complex roles of zinc in hIAPP aggregation promotion or inhibition and the corresponding 

concentration condition await further clarification. This particularly includes the detailed 

structural characterisation of the hIAPP early oligomers under varying zinc concentrations.

Ilitchev et al. have elucidated the conformational transition of hIAPP in response to different 

zinc concentrations using IM-MS (188). A concentration-dependent effect of zinc on hIAPP 

aggregation was reported in this study. The mass spectrum revealed that the hIAPP monomer 

with a +4 charge state shows the highest level of zinc association. This strong association 

is presumed to occur because zinc typically carries a +2 charge and can add an extra 

charge to the native +3 charge state monomer. Initially, at lower zinc concentrations, hIAPP 

begins to bind with a single zinc ion, and hIAPP+Zn2+ predominates. As the ratio of zinc: 

hIAPP reaches 10:1, adducts in the form of hIAPP+Zn(H2O)5
2+ are observed. Increasing the 

relative zinc concentration to 25:1 results in hIAPP attaching to two of these hydrated zinc 

ions, forming hIAPP+2Zn(H2O)5
2+. No forms of hIAPP binding to two zinc ions without 

hydration or a combination of hydrated and non-hydrated zinc ions were detected.

The ATD profiles from IM-MS analysis under varying zinc to hIAPP ratios, ranging from 

1:1 up to 100:1, indicate a transition in the structure of Zn-hIAPP adducts. The Zn-hIAPP 

adduct shifted from the compact conformer (648 Å2) to an extended proposed β-hairpin 

form (746 Å2), which was identified as the amyloidogenic conformer. This effect is even 

more prevalent with higher zinc concentrations. It is worth mentioning that the proposed 

extended β-hairpin conformer of hIAPP is uniquely found in the amyloidogenic species and 

has been proposed to be a the precursor for the toxic hIAPP oligomers (155, 166, 189, 190). 

The results, described in Figure 8, underscore the potential role of zinc ions in promoting the 

formation of these species. In this model, single zinc or penta-aqua zinc’s promotion of the 

putative extended β-hairpin conformation, likely through attachment at H18, destabilises 

the helix-coil state. Thus, targeting this conformational shift might be a therapeutic 

approach to prevent the formation of harmful hIAPP oligomers. Further validation by AFM 

analysis indicates that low concentrations of zinc, especially the hydrated form promote the 

aggregation of the structure. However, at moderate zinc concentration, when more hIAPP 

forms adducts with Zn2+ or 2Zn(H2O)5
2+, the complexes inhibit the transition to β-sheet 

oligomers and proto-fibrils (188). A decrease in the proto-fibril formation is observed with 

zinc ions stabilising the extended structure when the relative zinc concentration is above 

50:1 Zn2+:hIAPP. Indeed, the ATD of anhydrous zinc-hIAPP complex, on the other hand, 

shows that anhydrous zinc favours β-hairpin conformation less than the hydrated form (Fig 

9), highlighting the role of ligand waters in the stabilisation process. Overall, the IM-MS 

studies in combination with AFM, highlighted the complex role of zinc in hIAPP, showing 

the concentration and hydration state of zinc greatly influencethe hIAPP conformation 

transition. The binding of zinc to hIAPP, influenced by its hydration state, can favour the 

formation of a stable amyloidogenic conformation, but inhibits the aggregation into toxic 

oligomers primarily when hIAPP-Zn2+ is the dominant component in the complex. This 

study also makes a cautionary note that merely observing the conformational preference 
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for the proposed β-hairpin or other potential oligomer precursors may be inadequate to 

conclusively determine the amyloidogenic pathway of hIAPP.

hIAPP metal ion interactions are complex, and there is clearly more to be learned. IM-

MS studies of hIAPP metal ion structure are a developing field and hold the promise of 

providing additional insight into these complex processes and complication solution phase 

investigations.

3.4 IM-MS in monitoring IAPP hetero-oligomerisation

In addition to metal ions, the presence of other amyloid-forming peptides alongside IAPP 

adds complexity to hIAPP aggregation within the cellular environment (191). In vitro 
amyloid formation by hIAPP is commonly and extensively investigated using single purified 

proteins, but co-polymerisation of hIAPP with different amyloid-forming proteins, such as 

Aβ, involved in Alzheimer’s disease is likely to occur in vivo. This interaction may impact 

the rate of the fibril formation and pathogenicity of the resulting co-assembly (169, 191, 

192). IM-MS is particularly effective in detecting the heterogeneous and sparsely populated 

species that arise from the potential interaction between IAPP and other amyloid-forming 

peptides. This capability enables the study of hIAPP co-polymerization with these peptides 

and provides detailed information on oligomer composition and conformation.

Previous studies have shown that WT hIAPP and rIAPP can co-polymerise to form mixed 

amyloid fibrils, but the assembly rate changes were insignificant (169, 193, 194). Cross-

seeding is a proposed mechanism where the precursor peptide sequences act as a “seed” 

to enhance further fibril growth of variant peptides by templating the precursor’s structure. 

Fibrillation induced via cross-seeding mechanism has an increased fibrillation rate and has 

a distinct structure formed de novo (195–197). Young et al. used ESI-IM-MS combined 

with measurements of fibrillation rates using ThT fluorescence to show that hIAPP can 

form hetero-oligomers consisting of various IAPP variants. Their results also demonstrated 

polymerisation of IAPP sequences changes the amyloid assembly rate by altering the 

conformational properties of the hetero-oligomers formed (198).

Young et al. studied mixtures of WT hIAPP with IAPP variants (rIAPP, H18L-HIAPP, 

S20G-HIAPP, I26P-hIAPP, and hIAPP with a free C-terminus) to explore their self-

assembly, co-assembly abilities and any alterations in amyloid formation rates (198). The 

mass spectrum of WT hIAPP primarily displays monomers and also oligomers to hexamers, 

consistent with previous observations (169, 199). rIAPP and the IAPP variants that form 

amyloid more rapidly (H18L and S20G) or more slowly (FreeCT) all show a comparable 

mass spectrum pattern in monomer charge states distribution and traces of oligomers of 

dimer to hexamer (Fig 10). I26P-IAPP, on the other hand, displayed the slowest oligomer 

formation and had a change in the monomer ions charge state distribution. The ratio of 

+3: +2 monomer ions of I26P changed to ~3: 1, which is a similar ratio observed for 

WT hIAPP in the presence of small molecule inhibitors. This change in ratio suggests that 

the change in the amyloid formation capacity induced by the I26P mutation could result 

via potentially disrupting amyloid-competent conformations (169, 198, 199). The IM-MS 

three-dimensional Driftscope plot, which correlates the m/z of ions with their arrival time 

distribution, further confirmed the oligomeric states of these IAPP analogues. The I26P-
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hIAPP variant had the least signal from higher-order assemblies and existed predominantly 

in a monomeric form, consistent with its lower aggregation propensity. Notably, the S20G 

variant has a lower oligomer intensity compared to others, even though it aggregates faster, 

but this is more likely due to the rapid transition of the higher-order oligomers into fibrils, 

which were not detected by IM-MS.

IM-MS further identified hetero-oligomer formation in the 1:1 molar ratio pairwise mixture 

of the IAPP peptides. The samples exhibited both homo- and hetero-oligomers. The ATDs 

of WT-homodimer, H18L-homodimer, and WT-H18L-heterodimers were found to populate 

a dominant conformer with a drift time of approximately 4.5 ms, along with a minor amount 

of more compact species at around 2.5 ms (Fig 11). It was reported that the relative intensity 

of this compact species in WT-H18L-IAPP-heterodimers is greater than that in H18L-IAPP-

homodimer, but lower than that in WT-homodimers suggesting a compromise in structural 

adaptation in hetero-oligomers. Young et al. proposed that the greater relative proportion 

of the more expanded conformers correlates with faster amyloid formation, which is 

consistent with the shorter fibrillation lag times of H18L-IAPP and the H18L-hIAPP 

mixture as detected by ThT fluorescence (198). This hypothesis was further supported 

by the observation of the H18L-WT heterotrimer and H18L-IAPP homotrimer which were 

observed with a second species with an arrival time of ~8.6 ms, suggesting a more extended 

conformer. The WT-homotrimer, on the other hand, was observed with only one detectable 

species with an arrival time ~7.0 ms, corresponding to a more compact conformation 

(198). I26P, although reported not to homo-oligomerise in isolation, was observed to form 

hetero-dimers in the presence of WT-IAPP. The conformation of the I26P-WT heterodimer 

is indistinguishable from that of WT-homodimers based on their ATDs (198). These IM-

MS observations highlight the influence of co-polymerisation on changing the aggregation 

propensity, indicating that peptides with more amyloidogenic sequences tend to dominate 

the amyloidogenic pathway. ThT fluorescence assays, demonstrated that the lag time for 

each peptide mixture was dominated by the lag time of the fastest aggregating sequence (Fig 

12 a–f(i)). For instance, the mixture of H18L-IAPP with the faster aggregating S2G peptide 

resulted in ThT positive aggregates immediately, exhibiting a lag-time shorter than H18L 

alone. Additionally, the absence of biphasic kinetics in the ThT assays strongly suggested 

co-assembly between IAPP variants, rather than independent aggregation during the early 

stages (Fig 12 a–f(i)). The concept of conformation templating posits that the structural 

characteristics of highly amyloid-forming species can be imposed onto less amyloidogenic 

counterparts. This may explain the observation in the IM-MS data, which reveals an increase 

in both the population and intensity of these structurally expanded species, which related to 

the rate of amyloid formation (200–202). However, the effect of peptide mixtures on the lag 

phase of assembly cannot be simply explained by the cross-seeding (198). ThT fluorescence 

profiles indicate that WT fibrils are only able to seed fibril formation of the same peptide 

sequence (WT monomer), and the same specificity is observed with S20G fibrils as seeds. 

Collectively, solution kinetic studies of sequence variants and the use of ESI-IMS-MS for 

the detection, quantification, and profiling of transient species offer a robust approach to 

investigate the early stages of amyloid assembly.

IM-MS can also be used as a sensitive tool for characterising the co-assembly of the amyloid 

proteins from different systems. For instance, IM-MS has detected the co-aggregation of 
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human R3-tau, which is involved in Alzheimer’s disease (AD), with hIAPP. The mass 

spectrum and injection energy studies revealed the R3-IAPP hetero-oligomer with peaks 

at n/z = (1 + 1)/+5, (1 + 1)/+7, corresponding to the 1:1 hetero-oligomers of R3 and 

IAPP, where n is the oligomer number and z is the charge (203, 204) The hetero dimers, 

tetramers and hexamers were reported from the ATDs (Fig 13). The observation from 

IM-MS suggested a potential catalytic role of the R3-IAPP mixture in the R3 aggregation, 

highlighting the complex interplay between IAPP and other amyloid-forming systems. This 

experiment also showcases the utility of IM-MS in clinical diagnostics and patient profiling, 

particularly its capacity to identify and characterise the hetero-oligomers formed by hIAPP 

and other amyloid-forming proteins that could potentially aggravate disease symptoms. 

Moreover, the influence of hIAPP, Aβ or tau protein co-assembly on fibrillation kinetics and 

toxicity necessitates additional research. IM-MS has also been used to study co-oligomers of 

IAPP and Aβ (205).

3.5 Applications of IM-MS in the study of inhibitors of hIAPP aggregation and toxicity

Amyloidogenic proteins are implicated in multiple human disorders, such as Alzheimer’s 

disease and T2DM. Many treatments have failed in clinical trials as their administration is 

past the point of irreparable damage (206). Thus, researchers have long been searching for 

potential compounds capable of disrupting protein aggregation. The search for therapeutic 

agents for hIAPP aggregation deceleration and inhibition is crucial for anti-amyloid 

treatments and may also shed light on aggregation and toxicity mechanisms. IM-MS can 

be used to rapidly detect small molecules that bind to the amyloidogenic proteins, elucidate 

the binding modes and stoichiometry, and monitor the structural changes under the binding 

event. This makes IM-MS an invaluable technique in the field of drug discovery.

Young et al. have showcased an IM-MS-based high-throughput method to identify 

interactions between small molecule candidates and hIAPP and categorise the inhibition 

mechanism (199). Ten compounds were selected as test cases based on their known effect 

of hIAPP aggregation, including Fast Green FCF (FG), Epigallocatechin gallate (EGCG) 

and silibinin together with 1H-B-SA and ibuprofen. These molecules were mixed with 

hIAPP, and their gas-phase behaviour was monitored using IM-MS. The ESI mass spectrum 

indicates that FG binds to the +2 and +3 charge states of hIAPP monomers (these monomer 

charge states populate at least two conformers, a compact conformer and a more amyloid-

prone extended conformer) and the +4 dimeric. This binding mode, where the small 

molecules bind to the hIAPP with specific nz+ (where n is the oligomeric state and z is 

the charge state) and conformation, were classified as specific binding events (199). The 

mass spectrum demonstrated that the presence of FG alters the distribution of +3 monomer 

ions, and the population of more compacted conformers of hIAPP differed compared to 

those observed in the absence of FG. The IM-MS Driftscope plot showed no higher-order 

oligomer species but only the monomeric hIAPP-FG complex, supporting the mode of 

inhibition by FG being specific. Further evidence from tandem MS experiments showed 

that such specific binding has a higher gas-phase stability than their non-specific binding 

counterparts, and the ATD revealed that the more compact monomeric-hIAPP species 

formed as the result of specific binding.
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In contrast, the non-specific binding of 1H-B-SA and/or lack of inhibition by ibuprofen and 

three other compounds were also clearly characterised by ESI-IMS-MS. The mass spectrum 

and ESI-IM-MS Driftscope plots of 1H-B-SA with hIAPP reveal a series of ions with 

multiple ligands (up to seven ligands) bound to each monomeric conformer. This type of 

binding can be classified as non-specific. The ability of ESI-IM-MS to distinguish between 

specific and non-specific binding is an important feature. The compounds ibuprofen, aspirin, 

benzimidazole and hemin, when mixed with hIAPP, showed no changes in the hIAPP 

monomeric charge state distribution or the oligomer formation in ESI-IM-MS. TEM further 

confirmed the fibrillation of hIAPP. Collectively, the results indicate the lack of inhibition 

these small molecules have in hIAPP amyloid formation. In addition, the colloidal binding 

mode, where multiple small molecules aggregate into a larger complex, was observed for 

Congo red (CR). The mass spectrum and the Driftscope plot show a large population of 

higher-order species resulting from the CR self-assembly. Monomeric species, however, 

were still observed, but there was little hIAPP oligomer signal intensity. This is presumably 

due to the low intensities compared with those of CR aggregates, or they were indeed absent 

as a result of small molecule binding. This is an important observation since small molecules 

which self-aggregate can lead to promiscuous non-specific inhibitors. The ESI-IM-MS 

analysis and resulting Driftscope plots for each candidate small molecule served as a binding 

fingerprint that represent different types of binding modes. These include specific, colloidal, 

non-specific, and lack of inhibition, illustrating the straightforward characterisation and 

differentiation of the spectral fingerprints and their potential for future drug screening 

efforts.

A further application of this method involved screening a further 30 candidate compounds in 

a 96-well plate format. The use of a plate based format holds the promise for significantly 

improving the efficiency of the discovery of inhibitors of hIAPP amyloid assembly. 

Starting from the screen of a library of novel molecules that have similar structures to 

those of the previously reported inhibitors, one emerged as a new inhibitor of hIAPP 

aggregation, while three others showed nonspecific binding to hIAPP; the rest showed 

lack of inhibition. The successful compound, identified as compound 26, was a structural 

analogue of chloronaphthoquinine–tryptophan. At higher concentrations, compound 26 was 

specifically bound to the hIAPP monomer, preventing fibril formation and leading to the 

formation of amorphous aggregates. Fragmentation techniques coupled with this IM-MS 

screening method offer another dimension for the study of binding affinity (155, 207). This 

work broadens the application of the ESI-IM-MS screening technique to additional amyloid 

systems, including Aβ. Their work resulted in identifying new inhibitors of Aβ40 (208).

4. Advances and tandem MS/IM-MS

As illustrated in the above studies, IM-MS offers unique insights into the structure and 

dynamics of IAPP. Recent advances in IM-MS instrumentation have resulted in enhanced 

sensitivity, resolution, and the capability to perform tandem ion mobility experiments 

(116). Tandem IM allows multiple rounds of selection of particular conformational species 

(116). Tandem IM can be “tandem-in-space” where the selections of ion and activation 

occur in different regions of the instruments, or “tandem-in-time” where the ions are 

first accumulated and then activated in the space region (116). Since the pioneering 
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work by the Smith group demonstrating the use of tandem DTIMS devices in enhancing 

peptide fragmentation coverage, different types of IM have been combined with tandem 

IM. This includes combining FAIMS with DTIMS, which leads to enhanced sensitivity 

in conformational state detections (209–211). The Clemmer group pioneered the use of 

tandem IM for the study of native proteins, demonstrating its efficiency and sensitivity in 

studies of detailed ubiquitin conformational families (209, 210). In 2017, the Bleiholder 

group reported a tandem trapped ion mobility spectrometry (TIMS-TIMS) analyser (212). 

The system features two dimensionally identical TIMS units connected via an interface 

with two apertures, facilitating ion gating through electric potential modulation at these 

apertures. A transmitting DC voltage applied at the second aperture selectively allows 

mobility-separated ions from the first TIMS (TIMS-1) to pass to the second TIMS 

(TIMS-2). This enhances ion mobility-selection of analytes. In the interface region, ions can 

undergo collisional activation or dissociation, followed by direct mass detection or a second 

mobility separation in TIMS-2. This tandem ion-mobility separation approach, combined 

with activation techniques, significantly improves sequence coverage and correlates ion 

kinetics and energetics to structural changes (212).

Another significant milestone in the field was the release of the commercialised cyclic 

TWIMS IM-MS instrument (cIM-MS) that improved both the ion mobility resolution 

and conformer isolation significantly (213). The cyclic ion mobility (cIM) device consists 

of a 98 cm path length orthogonally to the main ion optical axis, allowing multipass 

separation for the enhanced resolution (approximately 750 after 100 passes) and tandem 

IM/IM experiments (213). The Thalassinos group were the first to show that cIM-MS is 

applicable to studying the native gas phase stability and unfolding using protein standards, 

including cytochrome C and concanavalin (125, 136). cIM has also been recently applied 

to demonstrate the dissociation and aggregation of jack bean urease under a temperature-

controlled nano-electrospray ionisation source, demonstrating the usability of advanced cIM 

in studying protein aggregation in real-time (214). A tandem IM-MS method for detailed 

characterisation of protein unfolding pathways termed “slice-CA” with multiple rounds of 

IM-separation and activation was developed, aiding the understanding of the energetics of 

protein gas-phase behaviour (136). Another important development in this field is that of 

structures for lossless ion manipulation (SLIM) and an analogous with serpentine ultralong 

path with extended routing (SUPER) SLIM and multilevel SLIM (215–218). These SLIM 

techniques could provide ultrahigh-resolution mobility separation (R~1860) of the protein 

conformations and help avoid the data collected from “roll-over” in multi-pass analysis, 

whereby the high-mobility ions overlap with the lower-mobility species (116).

The first application of tandem IM-MS (IM2, where the number represents the rounds of 

IM selection) to study IAPP was recently published by Eldrid et al. Tandem IM-MS (cyclic 

IM-MS) separated the +4 hIAPP dimers into early and later slices of 2 ms, which were then 

injected in the prestore array and re-injected into the cIM device for further mobility analysis 

at incremented voltages. This method is termed “Slice-CA” (136). The Slice-CA ATDs of 

both slices were superimposed, demonstrating the interconversion of dimeric conformations 

after activation. The Slice-CA method provides exceptional promise for understanding the 

structural conversion and dynamics of hIAPP. The tandem IM-MS approach developed by 

Eldrid et al. may open a new avenue for linking the relationship between structural dynamics 
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and the toxicity and amyloidogenicity of not only hIAPP, but also as a fundamental strategy 

for studying other amyloid-forming proteins. In future applications IMn could be used 

to select specific conformational subpopulations, measure the comparative differences in 

stability induced by ligand binding and elucidate even more detailed structural behaviours of 

gas-phase proteins during activation at a higher resolution.

We can also expect that future, tandem IM techniques and native top-down MS workflow 

can be optimised to study hIAPP amyloid assembly at ultrahigh resolution. Tandem IM 

coupled with electron-capture dissociation can provide another dimension for the study of 

protein-protein interactions, protein-ligand interactions and ligand binding states. These can 

offer structural and mechanistic insight into the hIAPP initial oligomerisation and study 

the effect of hIAPP-small molecule interactions. As tandem IM becomes more readily 

accessible, we anticipate that tandem IM will play a pivotal role in advancing the study of 

structural dynamics and opening new frontiers in this field.

5. Conclusions and Future Directions

In this review, we emphasise the significance of understanding hIAPP amyloidogenicity 

and cytotoxicity via a structural perspective, particularly using IM-MS to reveal transient, 

lowly-populated, and toxic oligomers populated early in the aggregation pathway (38, 60, 

73, 74). IM-MS extensively explored the intrinsic amyloidogenicity and toxicity that may 

be present within the hIAPP sequence, such as the disulphide bond, specific amyloidogenic 

domains, and the key S28P substitution (30, 96, 154, 155). IM-MS also measures hIAPP 

structural dynamics and changes in amyloid formation under the influence of Cu2+ and 

Zn2+ binding (184, 188). Additionally, IM-MS is valuable for delineating the types of 

aggregates present in patient-derived tissue samples and detecting the co-assembly of hIAPP 

with other IAPP variants and various amyloid-forming proteins, such as tau and Aβ (198, 

204). This capability is crucial in devising preventive strategies for clinical intervention and 

monitoring disease progression associated with these protein assemblies. Furthermore, IM-

MS enables high-throughput screening for amyloidogenic protein inhibitors and identifies 

their interaction modes (199). Thus, the IM-MS approach could also act as the pre-selection 

tool for hIAPP species and the potential inhibitors for further structural dynamics studies 

and optimise the structural-based drug design for hIAPP-induced cytotoxicity.

IM-MS has demonstrated its uniqueness in characterising transient hIAPP oligomers, 

but a few limitations of this approach and future expectations need to be mentioned. 

ESI-IM-MS measures hIAPP in the gas phase, and this can result in some hydrophobic 

interactions not being captured which may cause deviations in the hIAPP conformation and 

interactions compared to those in the solution phase (219, 220). Thus, translating gas-phase 

observations of hIAPP to in vivo behaviour necessitates supplementary experiments using 

other biophysical techniques. Another limitation for many current IM-MS instrumentation is 

both the mass and ion mobility resolving power. The lack of isotopic resolution can result 

in incorrect assignment of peaks as being due to compact/extended conformers rather than 

overlapping monomer/dimer species, while the lack of ion mobility resolution is not able 

to differentiate between co-existing conformers sensitively. As reported by Ridgway et al., 
no significant differences were found in the CCS distributions among the IAPP variants, 
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arguably due to the low-resolving power (30). Furthermore, the initial peak assignment of 

IAPP variants at m/z = 1950 (Fig 9) as monomeric 12+ ions was recently revised to be a 

mixture of 12+ and 24+ (Fig 6 (C)), rather than pure monomeric species (30, 136). These 

examples underscore the resolution constraints of current IM-MS technology and emphasise 

the pressing need for more advanced, higher resolution tandem IM techniques such as 

cIM-MS and SLIMS techniques and native top-down methods to achieve unprecedented 

resolution in characterising elusive structures. We expect the integration of advanced 

IM-MS techniques and future endeavours to bridge the gap between hIAPP in vitro IM-

MS experiments and in vivo biological relevance, linking not only the hIAPP structural 

dynamics and cellular cytotoxicity but also opening avenues for the development of novel 

therapeutic strategies against hIAPP induced T2DM and even other amyloid diseases.
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Abbreviations

AD Alzheimer’s disease

Aβ Amyloid beta

ATD Arrival time distribution

AFM Atomic force microscopy

CD Circular dichroism

CA Collision activation

CCS Collision cross section

CID Collision induced dissociation

CIU Collision induced unfolding

CR Congo red

Cryo-EM Cryogenic electron miscroscopy

cIM Cyclic ion mobility

DMA Differential mobility analysis

DTIMS Drift-tube ion mobility spectrometry

EPR Electron paramagnetic resonance

ESI Electrospray ionisation

ER Endoplasmic reticulum

EGCG Epigallocatechin gallate
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FG Fast Green FCF

FRET Fluorescence energy transfer

FAIMS High field asymmetric waveform ion mobility spectrometry

hIAPP Human islet amyloid polypeptide

IR Infrared

IM Ion-Mobility

IM-MS Ion-mobility Mass Spectrometry

LAESI Laser ablation electrospray ionization

MS Mass Spectrometry

m/z Mass-to-charge ratio

MD Molecular dynamics

nESI Nano-electrospray ionisation

NMR Nuclear magnetic resonance

PTM Post-translational modification

qToF Quadrupole Time-of-Flight

rIAPP Rat iselt amyloid polypeptide

SDS Sodium dodecyl sulfate

ThT Thioflavin T

ToF Time-of-Flight

TIMS Trapped ion-mobility spectrometry

TWIMS Travelling-wave ion-mobility mass spectrometry

2D-IR two-dimensional infrared spectroscopy

T2DM Type II diabetes Mellitus

T2D Type-2 Diabetes

WT Wild type
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Highlights:

• hIAPP early toxic oligomers are elusive, transient, and structurally dynamic.

• IM-MS elucidates hIAPP oligomerisation conformational dynamics.

• IM-MS aids in high-throughput hIAPP inhibitor screening.

• Tandem IM is promising in providing higher-resolution hIAPP structures.
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Figure 1. 
The sequence of Prepro-IAPP, proIAPP and mature IAPP. The primary sequence of mature 

IAPP is highlighted in red. The disulphide bond between the Cysteine 2 and Cysteine 7 is 

also shown in the mature IAPP sequence and the C-terminal amidation is shown. Processing 

of Pro-IAPP to produce IAPP involves multiple steps and multiple enzymes.
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Figure 2. 
Sequence of human IAPP (hIAPP), S20G mutant of hIAPP and rat IAPP. Differences in the 

residues of S20G-hIAPP and rIAPP, relative to the hIAPP sequence, are highlighted in red.
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Figure 3. 
Schematic illustration of hIAPP amyloid formation. The soluble hIAPP monomers can 

first assemble into oligomeric intermediates through primary nucleation and elongation. 

Secondary oligomer formation becomes dominant when a critical amount of fibril is 

formed, whereby the surface of pre-formed fibrils plays a catalytical role in promoting 

IAPP oligomer formation. Oligomers can further convert and elongate into fibrils, or the 

oligomers may potentially dissociate into monomers as reported by Michaels et al. using 

a similar aggregate system. However, experimental data for IAPP oligomers dissociation 

into monomers by a spontaneous process requires further investigation (67). This figure is 

patterned after those reported in Camargo et al. and Michaels et al. (70). Copyright © 2020 

Thomas C. T. Michaels et al. under exclusive license to Springer Nature Limited.
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Figure 4. 
Schematic illustration of Ion-mobility separation. Top Panel: Ions of the same m/z are 

separated based on their conformation. The ion with a more extended conformation (blue) 

experiences more collisions with the buffer gas in the drift tube than the compact ion 

(purple), resulting in a longer arrival time. Bottom Panel: Ions of the same m/z are separated 

based on their oligomeric state. Ions with a higher charge state (annotated as 2n+) experience 

stronger interactions with the electric field, leading to a shorter arrival time compared to ions 

with a lower charge state (annotated as n+)
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Figure 5. 
Representative applications and utility of extracted collision cross-section (CCS) 

measurements. (a) CCS values are plotted against the mass-to-charge (m/z) ratio, delineating 

the conformational space of diverse biomolecular classes. (b) Correlation of CCS values 

with oligomeric state (n), with the data fitted to compare against models of fibril growth 

(depicted by a black solid line) and isotropic growth (shown by a cyan solid line), 

facilitating the differentiation of oligomer shapes during formation. (c) Driftscope plots 

from ESI-IM-MS display drift time distributions and relative intensity for the compounds 

identified. (d) CIU (Collision Induced Unfolding) heatmaps from ESI-IM-MS chart the 

drift time against an ascending collision voltage (V), typically employed to probe the 

structural stability of protein ions and their conformational shifts. Figures are re-plotted 

to demonstrate methods reported in the referenced work (96, 98, 99, 107, 108). Figure 

5 (a) is patterned with permission from Anal Bioanal Chem. 2009 May; 394(1): 235–

244DOI:10.1007/s00216-009-2666-3. Copyright © 2009, Springer-Verlag. Figure 5 (b) is 

reprinted with permission from Nat Chem. 2011 February; 3(2): 172–177. doi:10.1038/

nchem.945. Copyright © 2010, Springer Nature Limited. Figure 5 (c) is reprinted with 

permission from Anal. Chem. 2014, 86, 21, 10674–10683. DOI: 10.1021/ac502593n. 

Copyright © 2014 American Chemical Society. Figure 5 (d) is adapted with permission 

from Chemical Reviews 2023 123 (6), 2902–2949. DOI: 10.1021/acs.chemrev.2c00600. 

Copyright © 2023 Emilia Christofi and Perdita Barran.
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Figure 6. 
The ATD of 50 μM hIAPP N-terminal fragment variants at pH 7.4. The WT N-terminal 

fragment, reduced fragment and the cysteine-to-Serine mutant are represented in blue, green 

and orange colours, respectively. The peaks are assigned as charge state/oligomer number 

(z/n). The CCS values for each peak are also shown. J Reprinted with permission from 

Journal of the American Society for Mass Spectrometry 2016 27 (6), 1010–1018. DOI: 

10.1007/s13361-016-1347-7. Copyright 2016 American Chemical Society.
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Figure 7. 
The effect of proline substitution on the amyloid formation. (A) The temporal aggregation 

profile of hIAPP and its variants with single proline substitution, as tracked by 

ThT fluorescence intensity: hIAPP-WT (black), IAPPA25P (cyan), IAPPS28P (blue), and 

IAPPS29P (red). (B) The temporal aggregation profile of hIAPP and double proline 

substitution variants, as determined by ThT fluorescence intensity: hIAPP-WT (black), 

IAPPA25P S28P(purple), IAPPA25P S29P (green) and IAPPS28P S29P (orange). (C) ESI-MS 

spectrum of the hIAPP and proline substitution variants, annotated with their respective 

oligomeric (n) and ionic (z) states, denoted as nz+. Adapted with permission from ACS 

Chemical Biology 2020 15 (6), 1408–1416. DOI: 10.1021/acschembio.9b01050. Copyright 

2020 American Chemical Society.
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Figure 8. 
(A) IM-MS mass spectra of hIAPP under varying zinc concentrations. A shift is observed as 

the zinc ratio increases. (B) The ATD of the 993 m/z peak under varying zinc ratio. Higher 

zinc concentration increases the abundance of a more extended hIAPP conformation (746 

Å2). Reprinted with permission from The Journal of Physical Chemistry B 2018 122 (43), 

9852–9859. DOI: 10.1021/acs.jpcb.8b06206. Copyright 2018 American Chemical Society.
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Figure 9. 
The ATDs of monomeric 1/+4 hIAPP in the mixture of different types of zinc adducts at a 

concentration of 50:1 Zn2+/hIAPP. (A) hIAPP alone, (B) hIAPP with anhydrous Zn2+, the 

peak shift towards an increased abundance of the more extended hIAPP conformation, (C, 

D) hIAPP with hydrated zinc adducts result in more significant peak shift. Reprinted with 

permission from The Journal of Physical Chemistry B 2018 122 (43), 9852–9859. DOI: 

10.1021/acs.jpcb.8b06206. Copyright 2018 American Chemical Society.
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Figure 10. 
ESI-mass spectra and ESI-IM-MS Driftscope plots for hIAPP variants. The oligomeric state 

(n) and charge state (z) are labelled as nz+. The mass spectrum of different IAPP variants 

exhibits predominantly +2 and +3 monomers and minor amounts of dimers, trimers, and 

tetramer (except for I26P). The ESI-IM-MS Driftscope plots illustrate the drift time and 

relative intensity of the oligomers identified. Reprinted with permission from Chemical 

Science 2017 8,5030. DOI: 10.1039/c7sc00620a. Copyright 2017 Chemical Science.
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Figure 11. 
ESI-mass spectra and arrival time distributions of homo- and hetero-oligomers formed by 

hIAPP sequence variants. (a) The 1:1 mixture of the wildtype hIAPP and H18L variant, 

and the +5 charge state homo- and hetero-dimers. (*) indicates a dominant conformation. 

(#) represents a more compact conformation. (b) The 1:1 mixture of the wild type and 

I26P. The arrow highlighted the absence of the I26P homodimer. Reprinted with permission 

from Chemical Science 2017 8,5030. DOI: 10.1039/c7sc00620a. Copyright 2017 Chemical 

Science.
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Figure 12. 
Fibrillation of the IAPP variants. (a-f) (i) The amyloid formation of hIAPP sequence variants 

individually and in 1:1 mixture, using ThT fluorescence for tracking, with the variants 

represented by distinct colours: WT (red), Rat (dark blue), +Free-CT (green), +H18L 

(red), +I26P (purple), and +S20G (orange). Panel (ii) presents negative stain Transmission 

Electron Microscopy (TEM) images of each variant’s sample after 5 days at 25 °C in 

a quiescent state. Panels (a-f) (iii) bar chart comparing the lag times derived from ThT 

fluorescence experiments for 1:1 mixtures of each variant. Reprinted with permission 
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from Chemical Science 2017 8,5030. DOI: 10.1039/c7sc00620a. Copyright 2017 Chemical 

Science.
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Figure 13. 
Arrival Time Distributions (ATDs) depict: (A) and (B) the peak signal for R3-IAPP hetero-

oligomers at m/z = 1438 under drift cell injection energies of 40 eV and 100eV, respectively; 

(C) the +3 charge state R3-tau alone; (D) the +3 charge state R3-tau in coexistence with 

IAPP; (E) the +4 charge state IAPP alone; (F) the +4 charge state IAPP in coexistence with 

R3-tau. Reprinted with permission from ACS Chemical Neuroscience 2019 10 (11), 4757–

4765. DOI: 10.1021/acschemneuro.9b00516. Copyright 2019 American Chemical Society.
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