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Cellular processes are usually carried out collectively by the entirety of all proteins
present in a biological cell, i.e., the proteome. Mass spectrometry-based methods
have proven particularly successful in identifying and quantifying the constituent
proteins of proteomes, including different molecular forms of a protein.
Nevertheless, protein sequences alone do not reveal the function or dysfunction
of the identified proteins. A straightforward way to assign function or dysfunction to
proteins is characterization of their structures and dynamics. However, a method
capable to characterize detailed structures of proteins and protein complexes in a
large-scale, systematic manner within the context of cellular processes does not yet
exist. Here, we discuss the potential of tandem-ion mobility/mass spectrometry
(tandem-IM/MS) methods to provide such ability. We highlight the capability of these
methods using two case studies on the protein systems ubiquitin and avidin using the
tandem-TIMS/MS technology developed in our laboratory and discuss these results
in the context of other developments in the broader field of tandem-IM/MS.

KEYWORDS

ion mobility, tandem ion mobility, protein structure, mass spectrometry, cross section,
collision induced unfolding, TIMS

Introduction

This Perspective discusses the potential of tandem-ion mobility spectrometry/mass
spectrometry (tandem-IM/MS) methods for the emerging field of Structural Proteomics.
Tandem-IM/MS methods (Figure 1A) conduct two or more ion mobility separations in
series, either tandem-in-space or tandem-in-time, prior to mass analysis (Tang et al., 2005;
Koeniger et al., 2006¢; Kurulugama et al., 2009; Simon et al., 2015; Allen et al., 2017; Poyer et al.,
2017; Liu et al., 2018; Giles et al., 2019; Eldrid and Thalassinos, 2020; Eldrid et al., 2021; Liu et al.,
2021). These methods also allow selection of mobility-separated ions and their energetic
activation in-between individual ion mobility separation steps (Figure 1A). Hence, tandem-IM
methods can be seen in analogy to tandem-MS with the difference that tandem-IM separates
ions by differences in their ion mobilities instead of their mass-to-charge ratios. Subsequently,
the mobility-separated compounds can be energetically-activated and characterized by the
mobilities and m/z of the produced ions. We present two examples showcasing the ability of
tandem-IM/MS methods to disentangle structures of otherwise unresolved protein systems to
underscore the potential of tandem-IM/MS to analyze heterogenous samples such as those
encountered in the field of Structural Proteomics.

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/frans.2023.1106752/full
https://www.frontiersin.org/articles/10.3389/frans.2023.1106752/full
https://www.frontiersin.org/articles/10.3389/frans.2023.1106752/full
https://www.frontiersin.org/articles/10.3389/frans.2023.1106752/full
https://crossmark.crossref.org/dialog/?doi=10.3389/frans.2023.1106752&domain=pdf&date_stamp=2023-01-18
mailto:cbleiholder@fsu.edu
mailto:cbleiholder@fsu.edu
https://doi.org/10.3389/frans.2023.1106752
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/analytical-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/analytical-science
https://www.frontiersin.org/journals/analytical-science#editorial-board
https://www.frontiersin.org/journals/analytical-science#editorial-board
https://doi.org/10.3389/frans.2023.1106752

Cropley et al.

Proteins rarely exert their biological function in isolation. Instead,
cellular processes are usually carried out collectively by the proteome,
ie., the entirety of all proteins present in a biological cell (Aebersold
and Mann, 2016). Hence, significant efforts have been devoted to
developing that large-scale, quantitative
characterization of the proteome. Mass spectrometry-based
methods have proven particularly successful in identifying and

methods enable

quantifying the constituent proteins of proteomes, including
different molecular forms of a protein (“proteoforms”) produced
via mechanisms such as alternative splicing of transcripts and post-
translational modification of proteins (Yates and Kelleher, 2013;
Catherman et al, 2014; Meier et al, 2015; Li et al, 2016; Yang
et al., 2016; Aebersold et al., 2018; Smith and Kelleher, 2018; Meier
et al., 2020).

Nevertheless, protein sequences alone do not reveal the function or
dysfunction of the identified proteins within the context of cellular
processes. In the absence of annotated gene products, which in principle
applies to all newly identified proteoforms, functional information of a
protein can be obtained by identifying the interaction network
(“interactome”) with other proteins (Perkins et al, 2010; Havugimana

10.3389/frans.2023.1106752

et al, 2012; Mendoza et al,, 2012). Hence, systematic characterization of
protein-protein interaction networks, and their alterations in the context of
disease phenotypes (Vidal et al,, 2011; Richards et al,, 2021), is one avenue to
systematically introduce functional information into proteomic analyses.

Another approach to assigning function or dysfunction to proteins
is characterization of their structure and dynamics. This is so because
the biological activity of proteins arises from their structural
heterogeneity and dynamic flexibility (Frauenfelder et al, 1991;
Frauenfelder et al, 2003), described by an energy landscape
comprising a hierarchy of conformational states and motional
transitions between these states (Frauenfelder et al., 1991; Onuchic
and Wolynes, 2004; Henzler-Wildman et al., 2007). Indeed, protein-
protein interaction networks are physically mediated via (transient)
formation of protein complexes (Marsh and Teichmann, 2015). The
structure and dynamics of these protein complexes can be perturbed
by e.g. presence of altered proteoforms which can lead to perturbation
of protein-protein interaction networks and therefore result in disease
phenotypes.

These above considerations underline that characterizing structures
of proteins and protein complexes in a large-scale, systematic manner
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(A) Generalized schematics of a conventional IM/MS instrument coupling a single IM analyzer with a mass spectrometer (top) and a tandem-IM/MS
instrument coupling two IM analyzers with a mass spectrometer (bottom). (B) The solution ensemble (PDB 1D3Z) (top) and an ensemble of structures
predicted by the structural relaxation approximation (SRA) that reflect the “native-like” structure of ubiquitin (bottom). (C) Correlation between root-mean-
square deviation (RMSD) and calculated cross sections for 10,000 conformations of the small protein ubiquitin. RMSD was calculated with respect to PDB
1D3Z and the projection superposition approximation (PSA) was used to calculate the cross section for each ubiquitin structure. Adapted from (Bleiholder and

Liu, 2019) with permission from the American Chemical Society.
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within the context of cellular processes can be useful to assign function or
dysfunction to protein sequences determined in proteomic experiments.
Traditional structural biology methods such as x-ray crystallography,
NMR spectroscopy, or cryogenic electron microscopy have been applied
to determine structures of biological systems (Tzeng and Kalodimos,
2012; Ho et al., 2020; Giinther et al.,, 2021), but these methods work best
with purified samples and are limited in throughput. By contrast, MS-
based methods are well-suited to handle the heterogeneity arising from
presence of post-translational modifications and exhibit sufficient
sensitivity, sample-throughput, and dynamic range to enable large-
scale systematic measurements of proteomes (Benesch et al, 2007;
Kondrat et al.,, 2015; Meier et al., 2015; Meier et al., 2020). Moreover,
traditional MS-based methods can provide indirect structural information
via measurements of mass-to-charge ratios of labelled or digested protein
components (Chea et al., 2021). Furthermore, hybrid ion mobility/mass
spectrometry (IM/MS, Figure 1A) methods characterize atomic structures
of proteins and protein complexes via their orientationally-averaged
collision cross sections. Electrospray ionization (ESI) coupled to IM/
MS enables protein and protein complexes to be gently transferred into
the gas phase without significant structural rearrangement or dissociation
(Ruotolo et al., 2005; Koeniger et al., 2006a; Breuker and McLafferty, 2008;
Jurneczko and Barran, 2011; Wyttenbach and Bowers, 2011; Zhou et al.,
2014; Bleiholder and Liu, 2019; Rolland and Prell, 2019). When energetic
activation throughout the measurement is minimized, the structures
measured by IM/MS can be similar to the structures adopted in
solution. However, it is commonly accepted that transfer into the gas
phase can result in compaction and some restructuring of the ions, and
hence referred to as “native-like” (Figure 1B). Thus, at least in principle,
IM/MS methods bear the potential to systematically characterize
structures of proteins present in proteomic samples.

However, a major limitation of IM/MS methods to characterize
structurally flexible molecules such as proteins is that the measured
collision cross section is a structurally ambiguous quantity (Voronina
et al,, 2016; Bleiholder and Liu, 2019). Because a protein can adopt many
three-dimensional conformations that have the same two-dimensional
cross-sectional area, it is not generally possible to reliably characterize
protein structures from only measuring their collision cross sections
(Bleiholder and Liu, 2019). Figure 1C exemplifies the underlying
problematic using the small protein ubiquitin. Here the root-mean-
square deviation (RMSD) from the native protein structure is
correlated with the
10,000 ubiquitin conformations. The plot underlines that it is not

computed cross sections for a set of
possible to unambiguously assign a specific structure to an
experimentally measured cross section because typically many distinct
protein structures have a cross section consistent with the measured cross
section. Further, because protein side chain orientations considerably
influence the cross section, it is also possible to assign the “native”
backbone conformation to a wide range of measured cross
sections—in the case of ubiquitin from ~1,180 A% to ~1,350 A2, This
structural ambiguity takes on increased relevance with increasing protein
size or with the complexity of protein assemblies, because here the
number of possible conformations and isomers increases. Hence, the
structural ambiguity of collisional cross sections limits the fidelity by
which IM/MS characterizes structures of proteins and protein complexes.

One approach to overcoming this ambiguity in characterizing
protein structures is that of collisional-induced unfolding (CIU). CIU
experiments (Shelimov et al., 1997; Shi et al., 2014; Zhong et al., 2014)
measure how protein cross sections change as the protein ions unfold
in the gas phase due to vibrational activation. Hence, such
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measurements characterize the energy barriers associated with the
unfolding process (Clemmer and Jarrold, 1997; Zhong et al., 2014).
Because these unfolding energy barriers arise from breaking of non-
(i.e, hydrogen bonds or salt-bridges), CIU
measurements thus characterize protein conformations in terms of

covalent bonds

differences in their hydrogen bonds or salt-bridges. For example,
Eschweiler et al. (2017) showed that the amino acid sequence of
homologous serum albumins affects the stability of unfolding
intermediates, suggesting differences in their initial native-like
conformation despite similar cross sections. Analogous results were
observed for the binding of thyroxine to tetrameric transthyretin
(TTR) (Hyung et al,, 2009). While apo-TTR and its singly- and
doubly liganded forms have nearly identical cross sections, apo-
TTR is significantly more susceptible to energetic activation when
compared to the liganded forms. These results underscore that
differences in the unfolding susceptibilities or unfolding pathways
can help characterize structural differences that may not be revealed by
the collision cross section of the protein or protein complex alone.

However, conventional hybrid IM/MS instruments contain only
one IM analyzer (Figure 1A). Hence, when analyzing complex samples
such as mixtures of proteins or protein complexes, these methods are
restricted to either separate the protein analytes by their mobilities
without performing collisional-unfolding or, alternatively, to perform
CIU measurements without first separating the protein isomers
contained in the sample. By contrast, tandem-IM/MS methods
contain two or more IM separation stages coupled by an interface
that allows selection of mobility-separated ions and their energetic
activation (Figure 1A). Hence, tandem-IM/MS methods can perform
both tasks, that is, to separate the mixture of proteins by the mobilities
of their individual protein species in the first IM device and to
subsequently perform CIU of the mobility-separated protein
species using the second IM device. In the following, we showcase
the ability of tandem-IM/MS methods to characterize structures of
proteins and protein complexes from a mixture of otherwise
unresolved species to underscoring the potential of these methods
for the study of complex, heterogenous samples.

Illustrative Example 1. Differentiation of
unresolved protein conformers with identical
cross sections

Our first example discusses the ability to characterize, from a
distribution of unresolved protein conformations, structurally
different protein conformations that have the same collision cross
section by mobility-selected CIU.

Figure 2A shows the ion mobility spectrum of charge state 7 +
recorded for the small protein ubiquitin (bovine erythrocytes) from
native conditions on the tandem-trapped ion mobility spectrometer/
mass spectrometer (tTIMS/MS) developed in our laboratory (Liu et al.,
2018) operating under “soft” conditions. The ion mobility spectrum is
dominated by a compact peak centered at 1,237 A%, which had
previously been associated with a native-like ubiquitin structure
(Koeniger et al., 2006b; Wyttenbach and Bowers, 2011; May et al.,
2018; Bleiholder and Liu, 2019). Furthermore, the feature is broad
which was shown to arise from multiple protein conformations that
are metastable on the experimental time-scale of ~100-200 ms
(Koeniger et al., 2006a; Koeniger et al., 2006b). Figure 2B shows
the spectrum of the same charge state but after collisional activation
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Example 1: Ubiquitin
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Example 2: Avidin, protein complex
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(A) Cross section distribution for ubiquitin charge state 7 + using “soft” instrument settings without mobility selection (black trace) and with mobility
selection of a subset of structures with a cross section of 1,246 A2 (red trace). (B) Cross section distribution after 120V activation in the entrance funnel of the
first TIMS analyzer (“pre-activation”) without mobility selection (black trace) and with mobility selection of a subset of structures with a cross section of 1,246
A2 (blue trace). (C) Cross section distributions after collisional activation in the interface separating the two TIMS analyzers. Mobility-selected structures
from “soft” measurements (red trace) and mobility-selected structures from “pre-activated” experiments (blue trace). The comparison of their unfolding
behavior shows that the selected structures differ despite identical cross sections. (D) The asymmetric peak of avidin tetramer charge state 18 + after the first
stage of mobility separation and two subsets of the asymmetric peak of the avidin tetramer after mobility selection and subsequent mobility separation.
Mobility selection enables fractionation of the avidin tetramer peak, which is a heterogenous mixture of (glyco) proteoforms as shown in (F). The dotted lines
represent the peak width and the full width half maximum (FWHM), respectively. (E) CID of mobility-selected avidin tetramers produces monomer, dimer, and
trimer subunits which are separated in the second TIMS analyzer to simplify mass spectral analysis. Contrary to conventional IM/MS instruments, ions are
parked at an initial position determined by the force balance between the electric field and frictional force from the flowing buffer gas. As the electric field
decreases, ions with a lower mobility elute first and ions with increasing mobility follow. (F) Charge-deconvolved mass spectrum obtained for avidin
monomers reveal multiple avidin glycoforms. Comparison of experimental mass spectra (black traces) for dimer, trimer, and tetramer assembly states to those
expected for random assemblies of the monomer glycoforms (red trace) indicates that avidin tetramers are most likely composed of (almost) random
glycoforms combinations. Adapted from (Liu et al., 2020) with permission from the American Chemical Society.

prior to the first ion mobility separation as described elsewhere (Liu
et al., 2016). While collisional activation leads to formation of two
extended features at 1,515 A2 and 1,806 A2, respectively, a compact
feature with mean cross section 1,237 A® remains abundant. A
conventional IM/MS instrument with a single IM analyzer would
suggest these compact features refer to the same protein structures
because of the similarities of their cross sections.

The question we are now pursuing is whether subsets of the compact
feature in Figures 2A, B with the same cross sections also have the same
structure. This question is difficult to address using conventional, hybrid
IM/MS
instruments. To exemplify, we first selected a subset of the compact

instruments but straight-forward using tandem-IM/MS

Frontiers in Analytical Science

feature with a cross section of 1,246 A? after elution from the first ion
mobility analyzer for both conditions (Figures 2A, B). Subsequently, we
collisionally activated the selected ions and performed mobility-analysis in
the second IM analyzer (TIMS-2). The resulting spectra obtained upon
collisional-activation are shown in Figure 2C which reveal significant
differences in the susceptibility to unfold for the two selected ion
populations. Specifically, the data show the pre-activated ion
population (Figure 2B) is less susceptible to unfolding by collisional-
activation than the subset selected from the “soft” experiment (Figure 2A).
Note that such behavior is in line with observations reported from
(Koeniger et al, 2006b) and indicates that some annealing of the
protein structures has taken place upon collisional activation. Hence,
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the tandem-IM/MS measurements discussed in Figure 2 reveal in a
straight-forward manner that the mobility-selected subsets of the
broad compact feature in Figures 2A, B differ in their structures
despite having the same cross section. By contrast, conventional IM/
MS instruments containing only a single IM analyzer would incorrectly
interpret the compact features in both spectra as the same conformation.

Illustrative Example 2. Glycoforms of the
glycoprotein complex avidin

Our second example discusses the ability to characterize different
structural levels of avidin, a homo-tetrameric protein complex of a
128-amino acid residue protein extracted from egg white with a single
glycosylation site at Asnl7 (DeLange, 1970). Several glycoforms and
sequence variants have been reported for avidin (Bruch and White,
1982; Oliver et al., 1996; Yang and Orlando, 1996).

To probe if the avidin tetramer exists as different combinations of
glycoforms, we disassembled the intact avidin tetramers into their
subunits by means of collision-induced dissociation (CID) of mobility-
selected avidin tetramers in the interface region of the tandem-TIMS
instrument (Liu et al, 2020). Mobility selection, only possible with
tandem-IM/MS methods, enables isolation of a subpopulation of
proteoforms from a heterogenous mixture of avidin homotetramers
(Figure 2D). Figure 2E shows that CID of the avidin tetramer in the
interface region of tandem-TIMS/MS produces various charge states of
monomeric, dimeric, as well as trimeric subunits of the avidin tetramer
that can be mobility-separated in the second TIMS analyzer of tandem-
TIMS/MS. Further, Figure 2E underlines that the second IM separation
after CID is needed to simplify mass spectral analysis by separating
different assembly states with the same mass-to-charge ratio. Moreover, as
discussed (Liu et al., 2020), the data reveal that the avidin tetramers can be
disassembled into their subunits without noticeable cleavage of the avidin
backbone or glycan components. Figure 2F shows the recorded charge-
deconvolved mass spectra for the identified avidin monomer, dimer, and
trimer subunits produced from CID. As described (Liu et al., 2020), all
spectra display a ~40.5 Da repeat pattern corresponding to the mass
differences between an N-acetyl glucosamine (203.20 Da) and a mannose
residue (162.10 Da) of the glycans on the corresponding avidin
protomers. The deconvolved monomer spectrum shows presence of
multiple glycoforms of the avidin monomer. Figure 2E further
compares the deconvolved mass spectra to those expected for random
combinations of avidin monomer glycoforms, which reveals a strong
agreement between the experimental dimer, trimer, and tetramer spectra
and those expected for their random-assembly from monomer
glycoforms. This agreement between the experimental and expected
spectra holds with respect to both the position and the width of the
mass spectral envelope as well as with respect to the 40.5 Da repeat
between the peaks of the various glycoforms. Hence, these results allowed
us to conclude in a straight-forward manner that avidin assemblies are
most likely composed of (almost) random glycoforms combinations (Liu
et al,, 2020). This example thus highlights the ability of tandem-IM/MS
methods to investigate samples composed of different proteoforms.

Discussion

The case studies discussed here demonstrate the ability of
tandem-IM/MS methods to characterize subsets of structures
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from a heterogenous population of different conformations
(case 1) and composition of specific protein species from a
heterogenous sample of different proteoforms (case 2), even
when these cannot be separated in the first ion mobility
dimension. Hence, these examples highlight the ability of
tandem-IM/MS methods to characterize protein and protein
complexes otherwise hidden among unresolved features of ion
mobility/mass spectra and thus underline the power of tandem-
IM/MS methods to
heterogenous samples.

characterize protein structures from

The measurements on ubiquitin and avidin discussed above were
conducted on the tandem-TIMS/MS instruments developed in our
own laboratory (Liu et al,, 2018; Kirk et al., 2019; Bleiholder et al.,
2020; Liu et al., 2021), for which a recent review is available (Liu et al.,
2022). There are, however, multiple other, currently ongoing efforts to
develop instruments with the capability to carry out multiple ion
mobility separations, selection, and activation steps in series. These
instruments include tandem-drift tube instruments (Koeniger et al.,
2006¢; Gaye et al, 2015), cyclic travelling wave ion mobility
instruments (Ollivier et al., 2021), and also tandem-ion mobility
based on the
manipulations (SLIM) technology (Allen et al., 2017; Bansal et al.,

spectrometers structures  for lossless ion
2020). Particularly interesting, in our view, is the coupling of tandem-
IM/MS instruments with IR spectroscopy because it adds another
dimension to the structural characterization of the measured ions in
addition to their ion mobilities and m/z (Bansal et al., 2020). The case
studies discussed in this Perspective highlight the ability of such
tandem-IM/MS-based methods to reveal structure and composition
of proteins and protein complexes that remain “hidden” to
IM/MS-based these

tandem-IM/MS methods will, in our opinion, highly likely

conventional technologies. ~ For reasons,

contribute significantly to the field of Structural Proteomics.
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