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Abstract

Rapidly characterizing the three-dimensional structures of proteins and the multimeric machines 

they form remains one of the great challenges facing modern biological and medical sciences. Ion 

mobility-mass spectrometry based techniques are playing an expanding role in characterizing 

these functional complexes, especially in drug discovery and development workflows. Despite this 

expansion, ion mobility-mass spectrometry faces many challenges, especially in the context of 

detecting small differences in protein tertiary structure that bear functional consequences. 

Collision induced unfolding is an ion mobility-mass spectrometry method that enables the rapid 

differentiation of subtly-different protein isoforms based on their unfolding patterns and stabilities. 

In this review, we summarize the modern implementation of such gas-phase unfolding 

experiments and provide an overview of recent developments in both methods and applications.

Introduction

The fundamental relationship between protein structure and function makes their study 

critical in ongoing efforts to understand both fundamental elements of biochemistry and 

human disease [1]. In order to understand protein structure, its role in defining function, and 

any changes that may occur in disease states, it is essential to explore the connective 

biophysical parameters that link such elements of biophysics together [2]. One such element 

is protein stability, often reported as a free energy of protein unfolding and represents one of 

the most widely utilized descriptors of protein structure [3]. Given the significance of 

protein stability in the framework of understanding protein structure and function, new 

experimental techniques that can extract such values with improved figures of merit are 

clearly needed.

Mass spectrometry (MS) has recently experienced a proliferation of structural biology 

related research, focusing primarily on heterogeneous proteins, protein complexes, and 

protein-ligand complexes due to its ability to access such mixtures with sensitivity, speed, 

and low limits of detection [4]. Ion mobility (IM), which separates ions based on their size to 

*Corresponding author: Ruotolo, Brandon T (bruotolo@umich.edu).
†These authors contributed equally to this work

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Curr Opin Chem Biol. Author manuscript; available in PMC 2019 February 01.

Published in final edited form as:
Curr Opin Chem Biol. 2018 February ; 42: 93–100. doi:10.1016/j.cbpa.2017.11.010.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



charge ratio and reports ion size in terms of an orientationally-averaged collision cross 

section (CCS), has also been widely deployed in combination with MS as a platform for 

structural biology [5]. Prior to this recent period of expansion, IM-MS was used to primarily 

assign the conformations of peptides [6] and small proteins [7] in the gas phase. However, as 

the size and complexity of biomolecules increases, IM-derived CCS values alone often yield 

insufficient information to define the structures of proteins in detail [7].

Collisional activation has long been used to probe the structure and stability of protein ions 

in the gas phase [8,9]. Collision induced unfolding (CIU) represents an extension of this 

earlier work, and is best viewed as a gas-phase analog of differential scanning calorimetry 

experiments often carried out in solution. In a typical CIU experiment, isolated biomolecular 

ions are activated through energetic collisions with a background gas (e.g. Argon) in order to 

increase their internal energy and cause them to change conformation (unfold) in the gas-

phase, without providing sufficient energy to cause the significant dissociation of covalent 

bonds [10]. The progress of this CIU process is followed through IM-MS, with the former 

stage providing direct measurement of protein unfolding through changes in ion CCS and 

the latter analyzing the composition of the isolated biomolecules and enabling any collision 

induced dissociation (CID) products to be excluded from the analysis. Early examples of 

CIU include the observation of cytochrome c [7] and apomyoglobin unfolding in the gas 

phase [11]. Modern implementations of the technology have been extended well beyond 

these examples, to include detailed analyses of the CIU mechanism and applications to a 

range of therapeutically-relevant targets.

The potential of CIU as an analytical fingerprinting technique to study the structures and 

stabilities of proteins, protein complexes, and protein-ligand complexes is now emerging. 

The collisional activation of protein assemblies often yields a multitude of partially folded 

intermediates stable on the millisecond time scale that can provide a range of diagnostic 

information related to the structures of the isolated protein complexes [12,13]. In addition, 

CIU has been used to assay the stabilities of proteins and protein-ligand complexes in the 

gas phase. Although the stability measurements offered by CIU data for biomolecular ions 

are relative, and allow for comparisons of protein states rather than determination of 

absolute thermodynamic properties, they also provide valuable insight into the structure and 

native binding interactions of proteins and their complexes [9,14–17]. In this review, we 

recount past examples of CIU as a means of illuminating both current and future 

applications of the technology.

Generation and Analysis of CIU data

Typical CIU experiments are performed by sequentially increasing an accelerating potential 

difference that serves to activate ions prior to ion mobility separation. As such, IM arrival 

time distributions (ATDs) are acquired at each stepped potential (Fig. 1A), creating a large 

multidimensional dataset. The changes in measured ATD correspond to structural transitions 

of the protein ion in the gas phase which, while not directly assessing solution phase 

structures, can be used to generate unique fingerprints (Fig. 1B) that can reflect such native 

state structure information. Several methods to generate these fingerprints have been 
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described [15]*[18]**[19,20], offering quantitative metrics for rapidly distinguishing subtle 

structural changes in proteins and protein complexes.

To generate a CIU fingerprint, the arrival time distribution of the m/z corresponding to the 

analyte ion must be extracted from the raw data at each collision voltage applied to create a 

matrix for analysis. Manual generation of this matrix can be time-consuming, and recent 

CIU experiments have relied more heavily upon automated extraction tools capable of 

creating such file structures rapidly [15]*[20]. Once generated, replicates can be used to 

assign statistical confidence to observed deviations between fingerprints representing 

different protein forms, e.g. between ligand-bound and unbound states. These quantitative 

comparisons can be leveraged to classify binding events and structural changes into 

biologically relevant categories, such as differentiating functional from nonspecific lipids 

bound to membrane proteins [15]*, or determining the binding site of a ligand in systems 

with multiple known binding pockets [17]. As these workflows become routine and advance 

towards automated and high-throughput analyses, continued development of automated 

extraction and processing tools will be essential to realizing the full potential of CIU 

experiments.

Probing Protein Structure and Stability using CIU

Collisional activation followed by IM-MS has been used to probe the conformations of 

proteins in the gas phase for nearly two decades [10,11]. For example, early CIU 

experiments probed the activation energy barriers associated the gas-phase folding and 

unfolding of apomyoglobin following charge manipulation, revealing clear evidence of both 

Coulombic and structural components for the barriers detected between the gas-phase 

conformers [11]. Tandem IM technology [21,22] combined with collisional activation has 

been used to examine similar activation energy barriers in greater detail, revealing 

connectivity maps between the multitude of intermediate states populated during the CIU of 

small proteins [23]. Overall, these early CIU experiments were aimed primarily at 

uncovering the biophysical rules governing gas-phase protein ions, and succeeded in 

significantly advancing our understanding of protein stability and structure in a solvent-free 

environment.

Following on from this earlier work, CIU has been implemented to study the structure and 

dissociation behavior of protein complexes [24]. For example, early work [25] proposed an 

unfolding-based mechanism for protein complex CID, in which a single subunit unfolds and 

is ejected bearing a large portion of the total charge of the assembly, largely through 

collecting indirect evidence of protein CIU. The introduction of CIU enabled the direct 

observation of collisionally-activated protein assemblies, confirming that they populate 

partially folded intermediates that are stable on the millisecond timescale [8,12,26]. Other 

structural rearrangements of protein complexes have been shown in the gas phase via 

collisional activation and IM-MS. For instance, many reports have shown evidence of 

compaction upon the activation of ring-like protein complexes that contain significant 

internal cavities [26,27]. Moreover, computational chemistry has been used to probe protein 

complex CIU, reproducing many of the general features of experimental data [28–30]. 

Recent computational approaches in this area incorporate charge hopping within coarse-
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grained models and mobile protons within all-atom MD simulations [31]*. Despite these 

recent advances, however, a complete model capable of predicting the unfolding transitions 

of heated protein complexes in CIU remains elusive.

Extending from these mechanistically-framed studies, CIU has been used to quantify shifts 

in protein complex stability upon binding large populations of both anions and cations. Early 

CIU work in this area indicated that buffer components of low volatility bound to intact 

protein complexes can act to stabilize protein complex in the gas phase [32]. These initial 

results were expanded upon by screening a wider range of solution additives for their ability 

to stabilize gas-phase protein complexes [12,33–35]. For example, CIU and CID studies 

incorporating a broad range anions and cations bound to significant number of protein 

complexes revealed that stabilizing anions act primarily through evaporative cooling, 

whereas stabilizing cations act to bind tightly to protein complexes and limit charge mobility 

[34,35]. More direct efforts to stabilize protein complexes have been prosecuted through 

chemical cross-linking, where the CIU of intact protein complexes modified with charge-

bearing chemical agents revealed significant increases in gas-phase stabilities [36]. Overall, 

this work demonstrates the clear utility of CIU data in building next-generation IM-MS 

technologies aimed at measuring labile protein complexes and structures.

More recent experiments have aimed provide a detailed mechanism for CIU in the context of 

monomeric proteins. For instance, a survey of proteins ranging from 8 to 78 kDa, and 

containing between one and four domains, produced evidence of a strong correlation 

between native domain structure and the number of CIU transitions observed for low charge 

state protein ions (Fig. 2A) [37]**. A follow-on study in this area used both domain-specific 

ligand binding and noncovalent constructs to build the first detailed CIU mechanism for a 

multi-domain protein [13]**. This same report highlighted both the similarities and 

differences in the CIU of iso-CCS homologous protein variants, demonstrating both a strong 

correlation between quantified CIU similarity and sequence identity as well as identifying 

the stability of CIU features as the main element of variation in unfolding data acquired 

across sequence variants (Fig. 2B). Similarly, the structural differences of ubiquitin ions 

having similar ground state CCS values produced from cation-to-anion proton transfer 

reaction (CAPTR) experiments targeting a broad range of precursor ion charge states were 

detected by CIU [38]. These studies, taken together, begin to paint a detailed picture of the 

CIU mechanism as well as point toward future applications in protein engineering, where the 

stability of individual protein domains within larger constructs can be measured without 

need of labelling or surface attachment.

Developing CIU for the High Throughput Assessment of Protein-Ligand 

Interactions

Characterizing the binding of ligands to proteins and protein complexes is a rapidly growing 

application area for CIU measurements, as the information content of such experiments can 

be used to rapidly provide binding affinities, inform on the nature of ligand attachment, and 

elucidate the location of binding. Binding locations can be differentiated by CIU, as the 

binding of a ligand to different sites in a protein results in differential alterations to its 
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unfolding pathway. By comparing against CIU fingerprints acquired for ligands with known 

binding sites, specific binding locations for uncharacterized ligands can be determined. 

Building on early work in this area [9], a number of reports now utilize CIU to probe 

allosteric and conformationally-selective binding modes in the context of both inhibitor 

screening and analysis as well as probing membrane protein-lipid interactions [16,39]. 

Because discrete ligand bound states can be resolved and analyzed separately in CIU, 

stability shifts detected and compared between binding states can be used as evidence to 

support a cooperative stabilization mechanism. For example, such a mechanism was 

detected in the Concanavalin A tetramer upon polysaccharide binding [16]*. In another 

report, CIU indicated that a compact conformation of a ligand-bound protein was highly 

stabilized, suggesting a possible allosteric binding mode in the context of the protein system 

in question, which was confirmed by hydrogen-deuterium exchange [39].

CIU has been widely utilized to assess binding of inhibitors and drugs to enzymes 

[17,40,41]. For example, the kinase domain of BCR-Abl, a target implicated in chronic 

myeloid leukemia, was screened against a small library of kinase inhibitors using CIU [17]. 

Inhibitors having known selectivities for the active or inactive states of the kinase produced 

significantly different CIU fingerprints (Fig. 2D), enabling the development of a 

classification system based on narrow regions of the acquired fingerprints where the two 

classes produced maximally different unfolding patterns. Another kinase, protein kinase A 

(PKA), was probed by CIU [40], similarly revealing significant differences in gas-phase 

unfolding upon binding different kinase inhibitor classes. CIU was also used to probe 

binding of HIV drugs to the membrane protein ZMPSTE24 [41], demonstrating that shifts in 

gas-phase protein stability can be directly correlated to solution phase Kd values.

CIU measurements are uniquely suited to analyze the role of lipids and other stabilizing 

molecules bound to heterogeneous membrane proteins. An early example of such work 

utilized CIU to classify a range of lipids interacting with membrane protein channels, where 

gas-phase unfolding data provided predictive information allowing the authors to identify 

functional lipids that bore structural and functional consequences when attached to the 

proteins studied [42]**. This type of CIU assessment is now part of an automated workflow 

[15]*, enabling the rapid quantitative analysis of membrane protein stabilization through 

lipid and ligand binding. Most CIU studies of membrane protein lipid binding are carried out 

over the entire ensemble of binding stoichiometries detected, leading to uncertainty 

surrounding the role of individual lipid bound states in contributing to overall protein 

stability. However, recent work utilizing a heated electrospray ion source coupled to IM-MS 

demonstrates that most lipids dissociate from model membrane proteins in CIU experiments 

as neutral species, confirming the validity of such ensemble analysis and pointing the way 

toward improved IM-MS instrumentation tailored for the CIU analysis of membrane protein 

ligand binding [43].

CIU for the Rapid Characterization of Biotherapeutics

As biotherapeutics have emerged as a multibillion dollar industry, their analytical 

characterization has received proportional interest. Characterization of monoclonal 

antibodies is highly challenging given their size and the dynamic nature of their post-
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translational modifications, the state of which directly influences their function and efficacy. 

Given their critical importance and complex nature, as well as the need for high-throughput 

analysis and quality control metrics, CIU is ideally poised to be a part of future 

biotherapeutic analysis workflows. Recently, CIU methods have been applied to the 

characterization of the NIST monoclonal antibody standard [44], comparative analyses of 

immunoglobulins [45], active innovator and biosimilar therapeutics [46,47], and antibody-

drug conjugates (ADCs) [48], indicating the rapid expansion of CIU applications in this 

area.

CIU has been used to rapidly distinguish subtle differences in large antibodies, such as 

between IgG subclasses with different disulfide bonding patterns [45]**. The differences in 

disulfide bridging, despite identical sequences and other post-translational modifications, 

resulted in nearly identical mass and arrival time information, but could be quantitatively 

differentiated using CIU (Fig. 2E). Glycosylated and deglycosylated IgGs were also 

distinguished by CIU, indicating that CIU has broad applicability to rapidly distinguish 

subtle changes to large proteins that are otherwise highly challenging to characterize. More 

recent work compares an innovator biotherapeutic, Remicade, with Remsima, the first FDA-

approved antibody-based biosimilar [47]. CIU was used as part of a multi-attribute 

monitoring (MAM) workflow, and provided a rapid assessment of therapeutic similarity, 

with the differences detected amongst biotherapeutic lots of Remsima linked to variations in 

antibody glycoforms using bottom-up proteomics. Other recent studies have extended CIU 

into the analysis of antibody-drug conjugates (ADCs), an area of intense pharmaceutical 

interest. Recent work has demonstrated drug conjugation serves to stabilize monoclonal 

antibodies in a manner readily detectable by CIU [48]. As such, the rapid analysis of 

biotherapeutics is clearly a growth area for CIU methods, where the technique promises to 

provide key solutions to the growing challenges surrounding the quality control and 

similarity assessment of intact protein therapeutics.

The Future of CIU

Future advances in CIU look to generate more accurate and specific measurements of 

proteins and complexes as improvements to instrumentation and analysis methods continue. 

As these measurements improve, CIU will provide greater detail on the structures of gas 

phase biomolecules and thus further improve our understanding of gas-phase protein 

biophysics. CIU fingerprinting has already shown great promise for screening protein-ligand 

interactions, as well as for protein structural analysis and biotherapeutic characterization. 

Development of CIU into a true high-throughput screening technology, using optimized 

assays of only a few activation energies alongside high-throughput sample introduction tools 

and automated data processing, holds great potential for many applications. The high 

information content of CIU experiments, compared to many common screening techniques, 

has the potential to allow for more targeted drug screening and improved protein engineering 

methodologies.

In the longer term, it is possible to envision CIU being used in multi-stage analyses of intact 

protein complexes, comprising unfolding, complex dissociation, and top-down down 

sequencing into a single workflow aimed at comprehensive protein complex discovery and 
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identification. CIU transitions could also be developed into sensitive detection assays, in 

which specific unfolding transitions could be uniquely associated with a protein isoform and 

monitored to determine the presence of this conformational state within a complex mixture. 

In general, CIU methods represent a promising approach in our ever expanding needs 

surrounding the structural characterization of proteins, protein complexes and protein 

therapeutics.
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Highlights

• Collision induced unfolding (CIU) refers primarily to use of biomolecular 

unfolding in the gas phase to detect subtle changes in protein structure, 

stability or composition.

• CIU can probe a wide range of biomolecules, from multiprotein complexes to 

biotherapeutics.

• CIU has great potential as a high throughput technique, capable of detecting 

changes in protein structure, or in protein-ligand binding mode, in seconds.
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Figure 1. 
A: Diagrams and cartoons depicting the CIU of proteins and common methods of analysis. 

As collision energy (eV) is increased, an isolated protein ion unfolds in the gas phase. B: 

CIU fingerprint with collision voltage on the x-axis, arrival time on y-axis, and intensity 

shown using a color scale. C: CIU comparison plot analysis depicting an apo and a doubly 

bound protein-ligand complex (red and green oval) with collision voltage on x-axis, arrival 

time on y-axis, and color scheme representing the differential intensities of the apo (red) and 

ligand bound (blue) states. D: A scaled deviation score analysis depicting a comparison of 

two different ligand bound states with CIU data acquired for the apo protein A score is 

computed that statistically assess fingerprint similarity at each voltage, enabling a narrow the 

window of collision voltage to be defined that maximizes dissimilarity between analytes, as 

shown by green shaded area for  ligand and red shaded area for  ligand.
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Figure 2. 
A: A series of covalently linked poly-ubiquitin proteins (1–4 ubiquitins, gray spheres) is 

probed by CIU [37]**. Single domain ubiquitin results in a single CIU transition, from an 

initial native-like state (I) to a more extended state (II) upon collisional activation. Each 

additional domain added results in an additional CIU transition, indicating that the 

transitions are representative of the domain structure of the protein in solution. B: Bovine, 

human, and murine serum albumin proteins CIU fingerprints are compared. Despite high 

sequence homology and globally similar three-dimensional structures, CIU readily 

distinguishes each variant, demonstrating sensitivity towards subtle alterations in protein 

isoforms [13]**. C: Coefficient of variation (CV) across the bovine, human, and murine 

albumins represented in (B) for centroid voltage (blue), stability or horizontal length (red), 

and center drift time (green) for each feature. High CVs indicate significant differences 

between fingerprints. D: Comparison of type I (Dasantinib, left) and type II (Imatinib, right) 

inhibitors bound to Abl kinase. CIU distinguishes the binding location of inhibitors to the 

kinase, enabling a screening assay based on the region of maximal difference in the CIU 

fingerprint (far right) [17]. E: IgG subtypes 1–4 (left to right) are quantitatively 

distinguished by CIU [45]**. Each subtype exhibits different patterns of disulfide bonding in 

a broadly conserved overall structure, resulting in different CIU fingerprints.
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