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Ion mobility-mass spectrometry (IM-MS) has emerged as a highly important analytical technique for the
structural elucidation of a wide range of biomolecules, including neuropeptides, proteins and protein
complexes. However, though the inherent value presented by powerful ion mobility techniques has
garnered significant interest and spurred on the development of novel and increasingly powerful IM-MS
regimes, modern commercial implementations continually fall short in the effort to fully resolve subtle
structural variations of biologically-relevant analytes, including peptide stereoisomers. Presented here is
a review of emerging instrumentation, computational strategies, and methods of data analysis vital to
the integration and development of IM-MS workflows for structural characterization. Furthermore, we
explore the usefulness of ion mobility techniques in probing structurally-critical biomolecules, exam-

ining the ability of current methods to elucidate neuropeptide stereoisomers and receptors.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Neuropeptides play indispensable roles in regulating many
essential physiological functions through interactions with their
corresponding receptors [1] and extensive research efforts have
revealed that post-translational modifications (PTMs) of these
signaling neuropeptides directly impact their biological activities.
Post-translational modifications are well understood to drastically
increase sample complexity and provide a rich landscape of bio-
molecules with differentiated function, but the profound impact of
modifications is only fully appreciated when considering the het-
erogeneous collection of neuropeptides that may exist as isomers.
Such peptide isomers can be generated from sequence scrambling
[2], variations in PTM position [3,4], naturally occurring residue
isomers (i.e. leucine vs isoleucine, aspartic acid vs isoaspartic acid,
etc.) [5] and racemization of certain residues [6,7]. As
isomerization-based PTMs reveal no mass shift between modified
and unmodified peptides, identification of these species through
mass spectrometry (MS) and tandem MS (MS") techniques is highly
limited and supplemental separation strategies are required in
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order to discriminate ionic species on the basis of structure [5].
While capillary electrophoresis and liquid chromatography have
been employed for the efficient separation of peptide isomers
[8—12], ion mobility-mass spectrometry (IM-MS) represents an
emerging method of choice for structural discrimination of these
isomers according to their size and shape due to its efficient sep-
aration timescale and small sample requirement [2—4,13—18].
Among the numerous isomerization-based PTMs, an area of
topical interest and concern is that involving the enzymatic con-
version of amino acids from L- to D-conformation. The discovered
quantity of these aptly named p-amino acid-containing peptides
(DAACPs) is rapidly expanding and these molecules are noted to be
largely implicated in unique biological functions. Over 30 DAACPs
have been discovered from a range of animal species, including sea
slug Aplysia californica [19,20], lobster Homarus americanus [21],
crayfish Procambarus clarkii [22], octopus Octopus minor [23],
platypus Ornithorhynchus anatinu [24,25], venom from cone snail
[26], funnel web spider Agelenopsis aperta [27] and South American
tree frog Phyllomedusa sauvagei [28]. Interestingly, while DAACPs
are regularly detected in animal venoms, the D-isomerization of
amino acid residues have also been reported in human ageing
proteins from various tissues, including tooth, skin and brain [29].
Most DAACPs are believed to be enzymatically generated in animal
cells [6,30], but the amino acid chiral inversion of several age-
dependent proteins in human tissues has also been linked to a
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non-enzymatic covalent modification [29,31]. Signaling molecules,
a class to which all neuropeptides belong, display great dependence
on structural conformation for appropriate recognition and binding
with their receptor. This now stated, the small conformational
change of a single amino acid chiral inversion often presents sig-
nificant alteration to downstream processes. DAACPs — often con-
taining only a single p-amino acid in most neuropeptides — have
been shown to have longer lifetime due to greater resistance to
endogenous enzymes, which only recognize proteins and peptides
comprised exclusively of L-amino acids [32,33]. And additionally,
stereoisomer analogues of endogenous neuropeptides have been
found to bear enhanced biological activities in many cases, as
observed through dramatically increased receptor-binding affinity
and selectivity [6,34]. Interestingly, neuropeptides where all amino
acid residues have been chirally inverted to the D-conformation
display reduced levels of toxicity [35], whereas similar neuropep-
tides with only partial inversion display the opposite trend [6,30].
These noted observations indicate that increased detection and
recognition of chiral residue effects could potentially be useful for
later drug discovery. Collectively, the controversial role of chirality
in neuropeptides suggests the importance of developing new
strategies that allow researchers to study these structurally similar
peptides with improved resolution and specificity. Here, we pro-
vide an overview of several recent reports describing the method
development and research progress of structural elucidation of
neuropeptide epimers and their activity in binding with receptors.

Amongst the multidisciplinary techniques developed or applied
to distinguish neuropeptide epimers, ion mobility-mass spec-
trometry (IM-MS) has emerged as a method of choice due to its
rapid acquisition, low sample consumption, and high resolution for
both mass and gas-phase conformation determination [36]. During
IM-MS experiments, ions are separated based on differences in
shape and charge as they travel against a region of inert buffer gas
under the influence of an electric field. Several types of ion mobility
spectrometry (Fig. 1) have been integrated with MS, such as drift
tube ion mobility spectrometry (DTIMS) [36—38], high-field

asymmetric waveform ion mobility spectrometry (FAIMS) [39],
traveling wave ion mobility spectrometry (TWIMS) [40], and
trapped ion mobility spectrometry (TIMS) [41].

IM-MS can be used to separate and characterize a wide range of
biomolecules, including peptides, proteins and protein complexes
[42—48]. Compared to liquid-phase separations, IM-MS offers the
opportunity to capture and manipulate transient intermediates not
stable enough to be identified and characterized in solution [46].
However, as protein isoforms often exhibit great similarity in
collisional cross section — often with differences lower than 2% —
there is a profound need for improved IM-MS instrument resolu-
tion [49]. Collision-induced unfolding (CIU) [50] has been inte-
grated into IM-MS, adding a resolving dimension and enabling
complete differentiation of protein conformations indistinguish-
able through CCS measurements alone. Method progressions like
CIU speak to the ever-increasing sophistication for IM-MS analyses,
and such technical designs are even further enhanced through the
development of multi-functional data collection and interpretation
[49,51-53], as demonstrated in a growing number of examples
[54—56]. Moreover, IM-MS separation of ionized species typically
occurs on the order of milliseconds in the gas phase [57]. This small
timescale is important as it allows for ion mobility separation to be
implemented between LC and MS, bridging the gap between the
minute and microsecond timescales for separation and detection.
As seen here, IM-MS is highly useful for applications in native MS
protein structure elucidation, and also may be implemented into
many standard LC-MS/MS procedures commonly used in -omics
workflows [58].

Given the aforementioned biological significance and inherent
technological challenges in distinguishing neuropeptide isomers, it
is of great necessity to survey and highlight the recently emerging
IM-MS strategies that have proven useful for neuropeptide isomer
separation, discovery, and functional investigation. With the
continuous development of modern bioanalytical techniques, pre-
viously unappreciated roles for peptide isomers in biological pro-
cesses have been revealed [38]. In this review, we will focus our
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Fig. 1. Major IM-MS regimes currently commercially available for peptide isomer analysis. Four types of ion mobility setups (DTIMS/TWIMS/TIMS/FAIMS) are schematically
illustrated with the electrode design and buffer gas (if applicable, shadowed region). Vector descriptions of electric field (E, direction and waveform) and ion motion are also

provided.
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discussion on IM-MS characterization of bioactive DAACPs (Fig. 2A),
peptide isomers involved in various biological processes (Fig. 2B
and C), and structural elucidation of both neuropeptide epimers
and their receptors. Novel insights and future directions for IM-MS
of peptide isomers — for example, the study of the effects of residue
chirality on peptide epimer oligomerization and their impact on
receptor recognition and binding — will also be discussed.

2. Structural separation of peptide isomers by IM-MS
2.1. p-Amino acid-containing peptides (DAACPs) (Fig. 2A)

In nature, only a small number of amino acid residues in neu-
ropeptides are observed to be D-isomerized, whereas almost all
proteins and peptides are formed exclusively by L-amino acids. As a
result, high resolution techniques such as IM-MS are necessary to
unambiguously resolve the subtle conformational variations be-
tween DAACPs and their counterparts. However, the necessity of
techniques such as IM-MS for D-peptide analysis would not be fully
recognized if not for the significant contributions from numerous
multi-disciplinary researchers. Bai et al. previously reviewed the
history of DAACPs and highlighted several analytical tools for the
separation and detection of neuropeptide epimers from animal
sources [6], while Ollivaux et al. reviewed the natural occurrence
and functional significance of DAACPs, various pathways of the
biogenesis of D-residues, and also discussed the spatiotemporal
characteristics, cellular and enzyme specificities and known
mechanisms of the peptidyl aminoacyl L-to D-isomerization [7].
Further still, Sweedler and coworkers pioneered the MS-based
DAACP research, reporting on non-targeted discovery through a
suite of biochemical tools including capillary electrophoresis,
enzymatic screening, chiral amino acid analysis and LC-MS
[11,33,59].

The earliest trials of tandem MS strategies for DAACP analysis
were documented in 2004 when Adams et al. used electron capture
dissociation (ECD) as the first tandem MS technique to distinguish a
single p-amino acid in a protein [60]. In this study, chiral recogni-
tion was defined by the degree of chiral distinction, Rchirai = Rp/RL,
where Rp;. was measured by the ratio of the abundances of z{s to
z{y ions generated from ECD. This parameter of chiral distinction
can be used to quantitatively characterize the degree of D-isom-
erization of amino acids [60,61]. Serafin et al. reported the first
collision activated dissociation (CAD)-based tandem MS strategy
for differentiation of single amino acid D-isomerized peptides from
all L-form counterparts [62]. Through combining the statistical
calculations and rationally comparing the ratios of fragment ion
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abundances between stereoisomers, they observed statistically
significant differences between Ser- D-isomerized amyloid B frag-
ment (AB17-29) and its epimers. Metal complexation was also used
to allow enantiomer separation of AB17-29, allowing for discussion
of a putative CAD fragmentation pathway [62]. In parallel, Julian's
group has extended the tandem MS strategy from CID to radical-
directed dissociation, which has also been demonstrated as effec-
tive in discriminating DAACPs from their epimers [9,63]. Also,
tandem MS strategies have been developed to distinguish peptide
epimers on a MALDI TOF/TOF instrument with the use of appro-
priate fragmentation and/or metal adducts [64,65].

Alternatively, IM-MS has grown to be a direct, rapid and effec-
tive method of choice for peptide isomer discrimination via the
direct measurements of CCS values, accomplished by converting
drift time into cross-sectional values via a physical model. For this
reason, IM-MS provides more straightforward structural informa-
tion of the observed peptide compared to traditional tandem MS
strategies. Moreover, augmentation of IM-MS instruments bears
gradually improved performance in distilling valuable structural
information from neuropeptide epimers. Instrument augmentation
is typically facilitated through equipping additional or more
powerful resolving units and activation components. Inspired by
pioneering efforts in DAACP analysis using tandem MS strategies
and IM-MS strategies, Li and coworkers previously demonstrated a
site-specific strategy to rapidly and reliably localize the p-amino
acids in DAACPs by using TWIMS [17]. In this strategy (Fig. 3B),
peptide epimers isolated from complex mixtures through reversed-
phase liquid chromatography were subjected to collision-induced
dissociation (CID) and subsequent fragment ions were structur-
ally monitored by IM-MS. p-amino acid residues were then local-
ized by evaluating arrival time/CCS shift of fragment ions derived
from DAACPs and their corresponding epimers. This rational design
revealed isomerization of L-to D-Phe at the third residue of the
crustacean hyperglycemic hormones. In the same vein, a recent
combinatorial CID-IM-MS study on a 29-residue DAACP further
highlighted the advantages of online interfacing of IM and tandem
MS for epimer separation, sequencing, and even relative quantifi-
cation [16].

A higher resolution IM-MS platform such as trapped-ion
mobility spectrometry (TIMS) mass spectrometry has been uti-
lized to achieve enhanced separation of these highly similar ste-
reoisomers [16], in some cases with the assistance from metal
adducts (Fig. 3A). By using TIMS-based IM-MS, Fouque et al. re-
ported the baseline separation of some DAACPs from their coun-
terparts — even with theoretical CCS differences as small as 1% [16].
This experiment was remarkable in that it achieved both a CCS-
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Fig. 2. Schematic illustrations for peptide isomerization involved in this review. A) DAACPs with single p-amino acid residue, B) Lasso peptides, and C) PTM positional isomers.
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Fig. 3. Two typical strategies in IM-MS analysis of peptide isomers: A) metal adduction to amplify the structural differences between isomers and B) tandem MS technique that

enables differentiation and localization of the p-amino acid residues.

based resolving power as high as 340 and reliable quantification of
a 29-residue DAACP. As a note, the structural effects of alkali metal
adducts on peptides have been systematically studied by Clemmer
and coworkers through IM-MS [66]. In another report, Pang et al.
documented enhanced structural differences of metal adducted
peptide oligomer epimers induced by D-isomerization of amino
acid residues, which were investigated on a TWIMS platform [67].
In a recent study, the Sweedler and Bowers groups collaborated in
performing conformational investigations of a D-peptide, GAFFD,
using a lab-built DTIMS [38]. Negative polarity-nanoelectrospray
ionization was used to generate ions suitable for ion mobility
separation in their lab-built instrument. Their investigation estab-
lished a model for the study of steric effects on peptide activity in
binding and regulating neuropeptide receptors, one of which was
the Aplysia achatin-like neuropeptide receptor (apALNR). This
study revealed a new avenue to detail the effects of chirality on
neuropeptide's structure and activity, which may be more appre-
ciated than the identification of DAACPs as extensive biological and
pharmaceutical applications are now anticipated.

The preceding lists of studies are only recent examples for
DAACP analysis by using IM-MS, selected from numerous reports
utilizing a wide range of analytical strategies. As a typical peptide
isomerization, D-/L-substitution at one or several amino acid resi-
dues of a neuropeptide plays a pivotal biological role — such as
enhanced bioactivity — [59] and separation of such relevant
isomeric species represents an area of broad interests in analytical
chemistry. Similarly, other PTMs that induce peptide isomerization
can also be resolved by IM-MS, as shown below.

2.2. Topology-isomeric peptides (Fig. 2B)

Lasso peptides, a typical class of topologically isomeric peptides,
are ribosomally synthesized and post-translationally modified
bioactive molecules [68,69]. Lasso peptides are named as such due
to the formation of a macrocyclic ring at the N-terminus, through
which the isomerized C-terminus is threaded. The diversity in Lasso
peptide structures can be accurately imagined when considering
the size of ring that may be formed and the number of residues that

could exist in the D-confirmation. Because lasso peptides are often
low in abundance and high resolution is paramount for meaningful
observation, IM-MS for structural characterization of lasso peptides
has grown in popularity over the past ten years and significant
efforts have been devoted to the development of suitable strategies
for lasso peptide analysis with improved resolving power. Specif-
ically, charge state increments have been found to enhance IM
separation efficiency as exemplified in TWIMS and DTIMS separa-
tion of lasso peptides and their branched-cyclic topoisomers
[15,70]. Metal binding has also been used to enhance the top-
oisomer separations on a TIMS instrument, though this study pri-
marily focused on nonspecific metalation between Lasso peptides
and alkali cations [14]. Complementary to these techniques, Afon-
so's group reported a multidimensional strategy comprised of
mean charge divided by mass, relative range of CCS and mean ion
mobility peak width [71]. By distributing these three dimensions in
space, it was possible to observe clear clustering patterns between
the lasso peptides and branched-cyclic peptides, which suggested a
new effective strategy to discriminate mechanically interlocked
topologically isomeric peptides. Notably, the same group also re-
ported the utility of CID and ETD for structural elucidation of lasso
peptides and their epimers [72].

2.3. PTM-isomeric peptides (Fig. 2C)

Proteins and peptides are frequently modified post-translation
on their primary amino acid sequence, altering their activities un-
der different conditions. One such PTM is phosphorylation, which,
in many cases, may occur at multiple residues within a peptide or
protein. For this reason, it is common to observe mixtures of
localization isomers in phosphoproteins and phosphopeptides
featuring more than one phosphorylated residue [4]. Conventional
liquid-phase separation techniques such as LC [12,73] or CE [74]
often lack ability to separate isomeric phosphopeptides - as the
weak polar phosphate-hydrophobic stationary phase interaction
leads to co-elution, or require very sophisticated design to separate
on a timescale of minutes with a compromised resolving power. In
addition, gas-phase tandem MS strategies employed in DAACP
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discrimination — such as those discussed previously — are not that
effective in localization of phosphorylation positional isomers, due
to low fragmentation efficiency common to low charge state
phosphopeptides.

Offering relief from some analytical challenges, IM-MS has been
used for rapid, efficient separation of positional isomers — where
the only structural difference is the location of phosphate group on
the peptide backbone [4,18,75]. While the role of phosphorylation
in compacting peptide conformation has been observed in several
ion mobility instruments, it seems that DTIMS achieves the best
performance in distinguishing positional isomers when consid-
ering sensitivity and resolving power together [4,75]. A recent
report has demonstrated improved ion mobility separation effi-
ciency, sensitivity and throughput for phosphopeptides through
integration of LC into an ultrahigh-resolution ion mobility separa-
tion cell [8].

In addition to phosphorylation, peptides modified through
scrambled disulfide bond formation or glycosylation have also been
successfully separated and characterized through IM-MS. Disulfide
bonds play an important role in stabilizing peptides and facilitating
conformational folding, as supported by previous efforts in disul-
fide peptide sequencing [76—80], and disulfide-scrambling is also
readily observed in MS analysis of disulfide bond-containing pep-
tides and proteins [81,82]. More recently, glycan isomer analysis
received increased attention due to implication of importance in
many biological processes including cell recognition, molecular
trafficking and signal transduction. A previous review from Chen
et al. highlighted recent advances in IM-MS for improved structural
characterization of glycosylated species and noted that improve-
ments in IM-MS for glycan and glycoconjugate isomer differentia-
tions have been exemplified through the development of high-
resolution instruments, optimization of charge state or ionization
polarity mode, glycan labeling and integration with orthogonal
separation techniques. Readers interested in these aspects may find
details in the aforementioned review [33].

3. Structural elucidation of receptors for peptide isomers by
IM-MS

It has been widely acknowledged that peptides and proteins
cannot fulfill their functions alone. Instead, they require coordi-
nated interactions with surrounding factors, including metal ions,
small molecules and large protein receptors [84—86]. Therefore, it
is highly desirable to develop strategies that enable structural and
functional characterization of interactions between DAACPs and
their receptors. A key challenge associated with the study of the
DAACP-receptor interaction is the difficulty in obtaining receptor
protein crystals with sufficient purity and quantity for physiological
characterization. Faced with this challenge, IM-MS emerges as a
method of choice due to its aforementioned advantages over other
biophysical techniques, including high sensitivity, high analytical
speed, and enriched structural information at the molecular scale.

Both neuropeptide lifetime and receptor specificity are reported
to be related to the chirality of amino acid residues. Utilizing mo-
lecular and physiological characterization techniques such as
quantitative polymerase chain reaction and in situ hybridization
experiments, Checco et al. recently observed interactions between
a set of DAACPs and their receptors in Aplysia californica [1]. More
recently, the same group reported a new neuropeptide isomer re-
ceptor, a specific G protein-coupled receptor, as an allatotropin-
related peptide (ATRP) receptor [87]. It has been surprisingly
observed that both L-ATRP and D2-ATRP activate this ATRP receptor
but D2-ATRP appears to have a longer lifetime. In addition to mo-
lecular characterization, structural elucidation through IM-MS was
utilized, for the first time, to gain greater insight into the role of

three-dimensional conformation in regulating DAACPs' activity
with receptors [38]. A lab-built DTIMS aids in the creation of a
predictive model for DAACPs' activities in combination with MD-
based computational modeling (Fig. 4B—D), which makes the
structural understanding of DAACP-receptor interactions attainable
even without the high amount of protein crystals for structural data
acquisition. Although computational modeling and cell-based re-
ceptor activity assays provide useful information to interrogate
DAACP-receptor interaction, additional tools and strategies are
needed to enhance our understanding of its functional interaction
especially in a protein/receptor-centered manner.

4. Instrumentation and computational modeling

While great attention has been paid to improvements in
multifaceted IM-MS techniques, there exists a continual pursuit for
greater resolving power in mobility instruments. Current com-
mercial instruments are largely based on TWIMS, FAIMS or DTIMS
technologies, which are generally limited by either their resolving
power (~40—300) or sensitivity, though recent coupling of TIMS
with TOF or Orbitrap instruments has offered substantially
improved resolution [16]. Despite these advancements, on-going
efforts are directed towards achieving a better balance between
resolving power and sensitivity as most current instrumental de-
velopments struggle to maintain sensitivity levels while improving
resolving power. The development of the Structures for Lossless lon
Manipulations (SLIM) technology by the Smith group represents a
promising solution in that endeavor, though current SLIM imple-
mentations leave plenty of space for sensitivity improvement
[88—91]. A recent study by the group reported on the use of SLIM
technology to differentiate minor structural differences in D-iso-
merized amino acid residues of amyloid B (AB) peptide [92]. In
addition to the almost baseline separation of Af peptide isomers,
the SLIM technology also enabled probing of structural effects on
AP fragments as a result of positional D-isomerization. Further-
more, SLIM can also be used for effective separation of many other
isomers, suggesting its utility and versatility to be incorporated into
various MS platforms [93]. Meanwhile, differential ion mobility
spectrometry (DMS)/FAIMS has also been increasingly imple-
mented in peptide isomer separations, including isomeric glyco-
peptide separation and localization of PTMs [3,13,94,95].
Specifically, seven positional isomers of a tryptic peptide with a
nitrated tyrosine residue were fully resolved by using a FAIMS in-
strument with a resolving power as high as ~300 [3]. TIMS has also
been demonstrated in multiple cases for its versatility in peptide
isomer separation [14,41,96]. For example, a TIMS-based separation
and identification workflow was established for distinguishing
lasso peptides from branched cyclic peptides, which is analytically
challenging as these two isomers only demonstrate conformational
differences when tertiary structure is preserved [14].

In addition to hardware development and improvement,
computational modeling and simulations can offer important
complementary information to aid in structural assignment of
complex peptide/protein systems. Molecular dynamics (MD) sim-
ulations, based on classical dynamics and the assumptions that
biological activity is the result of time-dependent interactions be-
tween molecules, permit the study of complex static and dynamic
biological properties and processes including protein stability,
conformational change, folding/unfolding, molecular recognition,
and the like. As an example of use case, MD can aid in drug design
through combination with X-ray crystallography, NMR and even
IM-MS [97]. Determining where drug molecules bind and how they
exert their effects can be used to describe the mechanism by which
drugs binding to one end of the receptor causes the other end to
change its shape [98]. Since its advent in the 1950s, several
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on a DAACP, GAFFD and its counterpart (GFFD). B) Overlaid structures of GAFFD (semi-transparent) and GFFD (solid). Hydrogens are omitted for clarity. C) Arrival time distributions
of singly charged species (z = —1, m/z = 484) of separate samples of the peptides GAFFD (blue) and GFFD (red). D) Ramachandran plots of GFFD and GdFFD structures obtained from
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Cui, L. Li, Analyst 141 (2016) 4863 (ref 98), and T.D. Do, J.W. Checco, M. Tro, ].E. Shea, M.T. Bowers, ].V. Sweedler, Phys. Chem. Chem. Phys. 20 (2018) 22047 (ref 17), with permission

of the Royal Society of Chemistry.

software packages have been developed for MD simulations:
CHARMM, which uses experimental enthalpies, GROMOS, and
AMBER, which uses experimental free energies.

Up to now, the majority of MD simulations have been applied to
peptide structure studies, with only a small portion covering
stereo-inversed peptides [38,99,100]. Lietz et al. previously imple-
mented MD-based theoretical calculations (Fig. 4A) to support and/
or clarify IM-MS signatures of cis/trans conformations of proline
isomerization in a neuropeptide. By investigating the differences
between experimentally measured conformation and MD simula-
tion results, this study highlighted the importance of computa-
tional modeling in IM-MS structural assignments [101]. As such,
combined use of IM-MS and computational modeling strategies,
such as MD and other simplified molecular modeling tools like
coarse-grained modeling for larger protein complexes is expected
to bring improved structural assignments [102].

5. Concluding remarks

In this review, we summarize recent progress in advancing IM-
MS for improved structural analysis of peptide isomers and their
receptors through discussing isomeric heterogeneity, high-
performance ion mobility instrumentation, and innovative
implementation of computational modeling. There are remaining
challenges and limitations to each facet of this integrated plat-
form, including the need to balance between sensitivity and
resolving power for the IM-MS instrumentation, the limited MS-
compatible solvent/buffer conditions that enable analysis of
highly hydrophobic peptides and proteins, and the need for
advanced computing power and force field accuracy to improve
the efficiency and speed of molecular dynamic simulations and
other computational modeling strategies. Overall, enhanced sep-
aration and structural signatures provided by improved IM-MS
measurements and theoretical calculation from computational
modeling provide an invaluable platform not only for peptide
structural analysis, but also for rational drug design and rapid

inhibitor screening that may help to accelerate drug discovery
and therapeutic development process.
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