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ABSTRACT  This report describes the strategies for gas-phase chiral and structural
characterization of biomolecules using mass spectrometry (MS) and ion mobility-MS
(IM-MS) techniques. Because both MS and IM-MS do not directly provide chiral selec-
tivity, methodologies for adding a chiral selector are discussed in the context of (i)
host—guest (H-G) associations, (ii) diastereomeric collision-induced dissociation (CID)
methods, (iii) ion—-molecule reactions, and (iv) the kinetic method. MS techniques for
the analysis of proteins and protein complexes are briefly described. New advances in
performing rapid 2D gas-phase separations on the basis of IM-MS are reviewed with a
particular emphasis on the different forms of IM instrumentation and how they are used
for chiral and/or structural biomolecular studies. This report is not intended to be a
comprehensive review of the field, but rather to underscore the contemporary techni-
ques that are commonly or increasingly being used to complement measurements per-
formed by chiroptical methodologies. Chirality 21:E253-E264, 2009.  © 2009 Wiley-Liss, Inc.
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INTRODUCTION More recently, chiral assignments have been demon-

Chiroptical techniques have found popular utility in the
study of (i) chiral small molecules and (ii) large biomo-
lecular species, such as peptides and proteins. Efficient
and expedient separation and/or detection of enantio-
meric pairs of small molecules are highly sought after
capabilities. This is especially important for pharmaceuti-
cals where one enantiomer of a drug may have a thera-
peutic effect (a eutomer) while the other may have no
effect or a negative one (a distomer). Similarly, chiral
properties of larger biomolecules (e.g., peptides and pro-
teins) are used to infer information regarding secondary
structural elements (e.g., a-helices, B-sheets). Many tech-
niques have been used for chiral analyses, chief among
these include electronic circular dichroism (ECD),™
vibrational circular dichroism (VCD),1° and vibrational
Raman optical activity (VROA),''"'6 each having its
unique advantages and inherent challenges. One of the
primary challenges of these techniques is that they can
produce complex spectra, which can be difficult to inter-
pret and may inadvertently lead to incorrect and/or bi-
ased reporting of results.'”2° This is especially true in
the case of biomolecules that may contain electron-rich
side chains (e.g., tryptophan, tyrosine) which can lead to
signal interference.?'2*
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strated by using new mass spectrometry (MS) measure-
ment strategies. Advantages of these techniques include
high throughput, low limits of detection, and the potential
ability to analyze chirality directly from complex mixtures.
This report summarizes new avenues for gas-phase-based
chiral assignments using MS, and is targeted for newer
practitioners in MS techniques as well as more experi-
enced users of MS technology interested in chiral applica-
tions. New directions in chiral analysis using 2D structural
separations on the basis of ion mobility-MS (IM-MS) are
presented. We review the theory and operation of typical
IM-MS instrumentation and present several salient exam-
ples of using IM-MS to elucidate chirality in small mole-
cules and structure in peptides and proteins.
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CONTEMPORARY CHIRAL AND STRUCTURAL
STRATEGIES IN MASS SPECTROMETRY
Ionization Techniques in Mass Spectrometry

When performing structural analysis of chiral small mol-
ecules and/or biomolecules with MS, the two most
commonly used ionization techniques are matrix-assisted
laser desorption/ionization (MALDI) and electrospray ion-
ization (ESI). Both of these ionization techniques are im-
portant to this area of research because they facilitate the
generation of intact molecular ions of these species. The
primary difference between MALDI and ESI is that the for-
mer allows sampling directly from solid samples, while the
latter is used to ionize analytes directly from solution.

To perform MALDI, typically a weak organic acid,
termed the matrix, is mixed with the analyte in large molar
excess (10°-10%1) and allowed to cocrystallize. MALDI
matrices typically exhibit three properties: (i) they contain
a chromophore for the wavelength of the MALDI laser
(typically in the UV range), (ii) they contain a proton-
donating moiety (e.g., a carboxylic acid), and (iii) they
contain an electron withdrawing group to increase the pro-
ton acidity. During MALDI irradiation, the preponderance
of laser energy is deposited into the matrix molecules and
little energy is deposited into the analytes of interest. Pro-
vided, when sufficient MALDI fluence is used, the matrix
molecules cannot dissipate the energy over the duration of
the laser pulse, resulting in the bulk ejection of material
from the target including entrained analyte molecules
which are subsequently ionized.?®

For ESI analyses, the analyte is dissolved in a solvent
containing a small percentage of acid. This solution is
sprayed at low flow rates (2-100 pl/min) through a fine-
bore capillary that is maintained at high potential (2—4
kV). This potential causes charged species to accumulate
at the tip of the capillary owing to Coulombic repulsion,
forming what is termed a Taylor cone.?®?” Charged drop-
lets are emitted from the Taylor cone when Coulombic
forces overcome the surface tension of the solution. Thus,
droplet emission can be controlled by tuning solution com-
position and the applied potential. As these droplets evapo-
rate, they can result in further droplet fissioning or ejec-
tion of charged molecules. These processes continue until
the analyte is completely stripped of solvent and result in
gas-phase analyte ions.Z3°

In selecting the use of MALDI or ESI, there are three
primary differences in their analytical utility. First, MALDI
generally produces singly charged ions of the form
[M-+H]", [M+Na]*, [M+K]*, etc., while ESI produces
singly charged ions for small molecules and typically mul-
tiply charged ions of the form [M+#H]"" for larger bio-
molecules such as peptides and proteins. In the analysis of
complex mixtures, singly charged ions can result in less
spectral complexity, while multiply charged ions better
facilitate fragmentation studies using tandem MS strat-
egies. Second, owing to the fundamental principles of ion
generation, MALDI is more tolerant of salts than ESI, but
requires empirical selection of appropriate matrices. Third,
MALDI and ESI generate ions in pulsed and continuous
modes, respectively. Thus the choice of MALDI or ESI
Chirality DOI 10.1002/chir
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can have pragmatic implications regarding the integration
of the ion source with the selected mass analyzer, but
these ionization techniques are in principle complemen-
tary.

For structural analyses, it remains unclear whether the
specific ion structures obtained by using MALDI or ESI
are equivalent, or for biomolecules, how these structures
correspond to those in the native solvated state.>"*? This
remains an important area of ongoing research. It is likely
an oversimplification to suggest that ions generated by
ESI, directly from the solution phase, are able to better
retain solution-phase structural elements of the analyte
than those generated from the solid phase by MALDI. In
both cases, at least mildly denaturing conditions are typi-
cally used in sample preparation, either by the addition of
organic modifiers or acids for ESI, or by cocrystallization
with small organic molecules in MALDI. Furthermore, in
both cases, the anhydrous ions that are probed should ulti-
mately adopt structures corresponding with the energy
minimum attained by intramolecular folding forces, i.e., in
the absence of intermolecular solvation. For both ioniza-
tion techniques, it is also important to note that the inter-
nal energy imparted to the molecule from ionization can
be mitigated by evaporative cooling, either from solvent
evaporation in ESI or from matrix cluster evaporation in
MALDI. Although challenging, future studies aimed at
delineating the differences in ESI- and MALDI-derived ion
structures will be highly beneficial for biophysical studies
using MS-based approaches.?*3*

Mass Spectrometry in Chiral Analyses
of Small Molecules

MS by itself is a “chirally blind” technique, because
both enantiomers possess the same mass (i.e., they are
isobaric). However, when used in conjunction with various
chemical-based techniques, MS becomes a powerful tool
for identifying and quantifying small chiral molecules. Key
to each of these strategies is compliance with the Pirkle
rule,®>3¢ or that of three-point intermolecular interaction,
which is necessary for chiral selectivity. To create an envi-
ronment conducive to Pirkle’s rule, chirally selective com-
pounds are commonly added and interact with the enan-
tiomers with thermodynamic selectivity. Typically, these
molecules are in fact chiral molecules themselves. Choos-
ing this chiral additive (termed a chiral selector) is usually
the most difficult step for the following commonly used
chiral MS techniques:

1. Host—guest (H-G) associations (Fig. 1a) center around
forming diastereomeric adducts between a chiral host
(chiral selector) and the enantiomeric guest (analyte).
This form of analysis is performed using single-stage
MS, meaning the adducts must directly differ by mass.
Therefore either the host or guest compound must be
isotopically labeled to allow relative chiral quantitation
by ion abundance ratios. This method has been suc-
cessfully implemented by a number of ionization techni-
ques, including MALDI and ESL>"*2

2. In diastereomeric collision-induced dissociation (CID)
methods (Fig. 1b), diastereomeric complexes (formed
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Fig. 1. Illustrative examples of the four main types of chiral analysis using mass spectrometry. (a) A hypothetical spectrum for the host-guest

method, where one enantiomeric analyte guest (Gs. 46) has been tagged with

six deuterium atoms so that the enantiomers may be distinguished by sin-

gle-stage mass spectrometry (Adapted from Ref. 43, with permission from Elsevier Science Ltd.). (b) Hypothetical data for the dissociative CID method.
By calculating 7 (which is the intensity ratio of the product ion ((A) (CS)+H™) to the precursor ion ((A) (CS);+H™)), calibration curves may be plotted
against the known enantiomeric excesses (ee) of the standards run. This plot is used to guide further measurement and determine the unknown ee of
chiral analytes (Adapted from Ref. 46, with permission from American Chemical Society). (¢) Hypothetical data for ion-molecule reactions forming a dia-
stereomer complex H(G), where the host (H) is complexed with the enantiomeric analyte molecule (G), is reacted with a reference guest molecule
which replaces the enantiomeric analyte guest to produce H(ref). By measuring the rates at which standards of the chiral analyte are displaced by the
reference guest (H(G) — H(ref)), it is possible to extract the ee of an unknown chiral mixture. For example, in this figure, if G in H(G) represents the
pure L form of the amino acid analyte and this H(G) precursor had its intensity reduced to ~20% of the product ion, H(ref), in 49 sec, this rate may differ
from the pure D precursor form which may take 57 sec to be reduced to ~20% of the product ion intensity (Adapted from Ref. 48, with permission from
American Chemical Society). (d) The kinetic method uses the incongruent association energies that the two forms of the enantiomer analyte possess
when complexed with certain metal centers. In this figure, the two complexes, [M”""(ref),(L-A)-H]" and [M”""(ref),(D-A)-H]", fragment into

[M”™* (ref) (D/1-A)-H] " and [M”" (ref),-H] ™, in different proportions (Adapted

in the same fashion as H-G techniques) are fragmented
using tandem MS (MS/MS). The fragmentation pattern
generated is highly dependent on the interaction poten-
tials between the chiral selector and the analyte.
Because this potential energy composition is not equal
for both analyte enantiomers, the fragmentation
patterns for the two diastereomeric complexes will dif-
fer. Using CID negates the need for isotopic labelling,
which can make this technique less expensive to
implement with the proper instrumentation.***¢

. Ton-molecule reactions (Fig. 1c) involve forming dia-
stereomeric complexes, much like the H-G and CID
methods; however, subsequent to this step, these com-
plexes are mass selected (i.e., all other masses are fil-
tered out or removed) and are allowed to react with an

from Ref. 50, with permission from American Chemical Society).

additional gas-phase reagent, which does not necessar-
ily need to be chiral. This reaction causes displacement
of both the chiral analyte and a chiral reference mole-
cule at rates which are indicative of the chirality of the
enantiomeric guest.*’~%

4. The kinetic method (Fig. 1d) studies the dissociation
rates of cluster ions, which are typically composed of a
chiral reference ligand and the chiral analyte that is
attached to a metal center ((M"(ref),(A)—H]", where
MU is a divalent metal, ref is either form of a chiral ref-
erence ligand, and A is either form of the chiral ana-
lyte). The chirality of the metal-bound analyte ligand
affects fragmentation rates of this complex and so,
based on pure chiral references of the analyte, ion
abundance can lead to direct enantiomeric quantitation

Chirality DOI 10.1002/chir
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in the unknown sample. This is the most commonly
used form of chiral analysis involving MS. The
main challenge to this approach is that it requires a rel-
atively pure sample for analysis. This challenge,
although seemingly small, makes the detection of
enantiomeric molecules in complex biological samples
daunting. Apart from this, a fair amount of method
development must be performed on each new system
that is run. Calibration curves must be generated
every few days from pure enantiomers before testing,
which requires that one have prior knowledge that
the molecule is present in two enantiomeric forms
and also that appropriate standards are available.’*3

It is important to note that the predominate drawback to
MS (and also spectroscopy)-based chiral techniques is
that they require purified samples. This implies an inabil-
ity to adequately handle concomitants and rules out the
direct analysis of complex samples. Furthermore, method
development for a particular system requires the deriva-
tion of complex kinetic equations to describe chiral quanti-
fication. Several excellent reviews of these techniques can
be found elsewhere.”*~>%

Mass Spectrometry for Structural Analyses of Proteins
and Protein Complexes

MS has also experienced considerable utility as a struc-
tural investigation tool, providing primary structural details
through CID fragmentation studies,®>° and secondary
and tertiary structural information through hydrogen/deu-
terium (H/D) exchange studies.’*%? Other methods such
as MIKES (mass analyzed ion kinetic energy spectrome-
try), SUPREX (stability of #npurified proteins from rates of
H/D exchange), and PLIMSTEX (protein ligand interac-
tion by mass spectrometry, titration, and H/D exchange)
techniques have also been described for structural analy-
sis. These methods, however, are not typically used for
chiral analysis and are outside the scope of this report.
However, an excellent description of these and allied MS
structural techniques can be found in a recent text by
Kaltashov and Eyles.®®

ADVANCES IN CHIRAL AND STRUCTURAL
STRATEGIES USING ION MOBILITY-MASS
SPECTROMETRY
Introduction to Ion Mobility-Mass Spectrometry

Over the past decade, great strides have been made
in combining rapid gasphase biomolecular structural
separations on the basis of IM with MS. The 2D separa-
tions afforded by IM-MS greatly facilitate the interpreta-
tion of complex spectra. Structural separations in IM are
analogous to performing gas-phase electrophoresis in
which the analytes are separated based on their size
and chemical properties as they interact via collisions
(10-10%) with neutral gas molecules. In contrast with
high-energy ion-neutral gas-phase collisions used in CID,
IM separations use low-energy collisions to separate
ions predominantly on the basis of ion-neutral collision
cross section (Q, A?). Performing these separations in
Chirality DOI 10.1002/chir
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Fig. 2. A block diagram of a typical IM-MS instrument. Analytes are
converted to ions in the ion source, which is typically done using MALDI
or ESL From there these ions are separated in the ion mobility cell, where
the most common forms (DTIM, TWIM, and FAIMS) are illustrated in
the bubble above. Space dispersive FAIMS is performed on only one
mass at a time. Time-dispersive DTIM and TWIM typically use TOFMS
after the ion mobility cell to analyze the entire m/z range following ion
mobility separation.

the gas rather than in the condensed phase provides
extremely rapid separations, 100s of microseconds to
milliseconds versus minutes to hours for liquid chro-
matographic techniques.

Briefly, IM-mass spectrometers are composed of an
ion source, an IM separation cell, a mass analyzer, and a
detector as depicted in Figure 2. There are many varia-
tions to the general design, such as different ion sources
(e.g., ESI and MALDI) and types of IM separation cells
used, i.e., whether the ions are dispersed in time or
space. The former is most commonly performed using
drift tube IM (DTIM) and traveling wave IM (TWIM),
while the latter is dominated by field asymmetric wave-
form IM (FAIMS). Although IM has been combined with
virtually all of the different types of mass analyzers,** the
most common are time-of-flight (TOF) and quadrupole-
TOF (QTOF) devices. In general, following ionization,
the ions are injected into a separation cell filled with a
neutral drift gas and migrate under the influence of a
weak electric field. The drift velocity (v9)® across the
drift cell is related to the electrostatic field strength (F)
via the proportionality constant, which is the mobility (K)
of the ion within a particular drift gas:

Vq = KE (1)



CHIRAL ANALYSIS BY MS AND IM-MS

(a)

Arrival time distribution (ps)

150 200 250 300 350 400 450 500 550 600

------------------------

500
Collision cross section (A2)

E257

(b)

Arrival time distribution (ps)

IM = 1200 - 1300 pys ATD

IM = 700 - 2000 ps ATD l

2000 T T T T T

1800 =

1600

e

1000 - b

+7 =1

1 : L 1 1 1
800 1000 1200 1400 1600 1800
miz

1
600

Fig. 3. (a) Depiction of the drift-tube ion mobility mode of separation. The drift tube is made up of a series of concentric rings connected in series by
resistors. This creates a uniform electric field that gently guides the ions straight down the center of the drift tube in a linear path. It can be seen in the
scale at the bottom that arrival time distribution is proportional to collision cross section when using this arrangement. (b) An ESIIM-TOFMS plot of
conformation space for several charge states of horse heart cytochrome c. Right: normalized IM profiles integrated over all charge states (white) and
selectively for the +12 charge state (black). Top: normalized mass spectra over 700-2000 ps and selectively over 1200-1300 ps, respectively. Note the
change in relative abundance for particular charge-state species upon selecting different regions of ATD (Adapted from Ref. 82, with permission from

Springer Science+Business Media).

The applied electric field is electrostatic for DTIM and
electrodynamic for both TWIM and FAIMS separations.
It should be noted that the form of eq. 1 was specifically
developed for DTIM. In the presence of the neutral drift
gas, larger ions have a lower mobility than smaller ions
which results in longer drift times versus shorter drift
times, respectively. This effect can be thought of as a
race between two skiers, one with his arms tucked at his
sides and the other with his arms open wide. The skier,
guided by the gradient of the hill (as ions are guided by
the electric field), traveling with arms tucked will experi-
ence less drag and will reach the bottom of the hill
faster.

Time Dispersive Versus Space Dispersive Ion Mobility

Ion separation in the IM cell can be accomplished by
using one of the two approaches: time dispersion or space
dispersion. Time-dispersive methods, such as DTIM and
TWIM, separate molecular ions according to time with the
higher mobility (smaller collision cross section) ions trav-
eling through the mobility cell faster than those of lower
mobility (larger collision cross section). Inherently, this
method separates all ions from a sample collectively.
Space-dispersive IM, namely FAIMS, uses varying electric
field strengths to differentially distribute ions in space
based on changes in their mobility as a function of elec-
tric-field strength. In this way, only the ions of interest are
selectively directed toward the detector, while the other
ions are annihilated. Hence, to collect data for multiple

analytes, the FAIMS device must be scanned using differ-
ent voltages. The following sections briefly describe the
different methods of IM separation, as each has unique
advantages and limitations in their utility for chiral and
structural analyses.

Drift Tube Ion Mobility

The DTIM design is composed of a drift tube that incor-
porates a series of concentric ring electrodes connected
by a resistor chain (see Fig. 3) to create a uniform electric
field.®® Under the influence of this electrostatic field and
in the presence of a low-molecular weight drift gas (e.g.,
helium, nitrogen, argon) at constant pressure, the ions
separate along the axis of motion based on their mobility
(i.e., the number of low-energy collisions between the ions
and the drift gas molecules). Thus, ions that experience
fewer collisions, because they are smaller or more struc-
turally compact, will have shorter drift times than ions that
experience a greater number of collisions, because they
are larger or more structurally elongated (Fig. 3b). The in-
herent simplicity of the drift tube design enables the trans-
formation of a measured drift time into absolute collision
cross section by using the kinetic theory of gases.®~"! To
a first approximation, this model assumes all the atoms in
the molecules to be hard spheres and the collisions
between ions and drift gas molecules to be elastic.”>"°
Size measurements are given in terms of an orientally
averaged collision cross section, which is directly propor-
tional to the ion surface area, where the diameter of the

Chirality DOI 10.1002/chir
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Fig. 4. A depiction of the utility of IM-MS separations for the separation of different biomolecular classes on the basis of structure. (a) A hypothetical
portrayal of where singly charged analytes of different molecular class are observed in IM-MS conformation space. (b) A plot of collision cross section
as a function of m/z for different biologically relevant molecular classes, including oligonucleotides, carbohydrates, peptides, and lipids. All species cor-
respond to singly charged ions generated using MALDI. (c¢) A 2D plot of MALDIIM-MS conformation space for the simultaneous analysis of lipids and
peptides directly from a thin tissue section (12 um) of a human glioblastoma. (d) A 2D plot of MALDI-IM-MS conformation space for the simultaneous
analysis of peptides, glycans, and carbohydrate fragments obtained from proteolysis (trypsin) and N-linked glycan release (PNGase F) of the glycopro-

tein ribonuclease b. Species corresponding to carbohydrates are indicated by

“x2

. Dashed lines are to assist visualization of the different classes of mole-

cules. Panels (a), (c), and (d) are adapted from Ref. 82, with permission from Springer Science+Business Media. Panel (b) is adapted from Ref. 93, with

permission from Springer Science+Business Media.

sphere that describes this area is equal to the average
length of the molecular ion.®” IM resolution for DTIM typi-
cally ranges from 30 to 50 (» = t/At at FWHM), whereas
longer, cryogenically cooled, or higher pressure drift
tubes have been reported with resolutions exceeding
100.76"78 Importantly, the collision cross-sectional data can
be combined with molecular simulation results to interpret
analyte structural and conformational detail>!3279-8!
(Ref. 82; Fig. 3).

Traveling Wave Ion Mobility

The commercial availability of TWIM instrumentation
(Waters Corp.) has made this technology accessible to a
large number of users. Similar to drift tube instruments,
TWIM separates ions by time dispersion through colli-
sions with a background drift gas, but in contrast, it uses
electrodynamic fields rather than electrostatic fields.5%%
Chirality DOI 10.1002/chir

This is accomplished by transmitting voltage waves
sequentially across a stack of ring electrodes (Fig. 1b),
which creates the so-called traveling wave.®> Conceptually,
TWIM separations are performed based on the susceptibil-
ity of different ions to the influence of the specific wave
characteristics in their transmission through the mobility
cell.”® Adjustable wave parameters include traveling wave
pulse height, wave velocity, and ramping either of these
variables. The commercial platform (Synapt HDMS) is
composed of a MALDI or ESI source, a mass resolving
quadrupole, a trapping region for injecting pulses of ions
into the TWIM, the TWIM drift cell, an ion transfer region,
and an orthogonal TOFMS. CID can be performed in the
regions before and after the TWIM drift cell. Generally re-
solution in the TWIM is <15, but a new generation device
reportedly provides resolutions similar to DTIM instru-
mentation (30-50). Nevertheless, this is sufficient for the
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separation of molecular classes of interest (e.g., peptides
from isobaric concomitant species). Although protocols
have been proposed to approximate collision cross-section
values using TWIM experimental data, these calculations
still rely on absolute values obtained using drift tube
instruments.56-%7

Field Asymmetric Ion Mobility

FAIMS separations were first documented in the early
1990s by Buryakov et al.®%° FAIMS separations are per-
formed on the basis of the nonlinear dependence of the
mobility coefficient (K) in strongly varying electric fields.
Unlike previously mentioned methods of IM separation,
FAIMS performs separation in a space-dispersive manner
rather than a time-dispersive manner. In FAIMS devices,
ions are subjected to both positive and negative electric
fields, which occur perpendicular to the direction of ion
movement known as a high-frequency asymmetric wave-
form. By sending ions between two parallel plates in a sep-
aration cell using a longitudinal (or axial) gas flow and
directing this waveform perpendicularly across them, ions
that do not meet the exact criteria to traverse the cell will
strike either the lower or upper plate. Only ions with par-
ticular mobility characteristics pass through the cell. The
use of compensation voltage in FAIMS to achieve a mobil-
ity-based selection is roughly similar to the use of radio
frequencies in quadrupole mass analyzers to achieve mass
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selection. Although other IM separation methods display
data as intensity versus arrival time distribution (ATD),
FAIMS data are displayed as intensity versus the scanned
compensation voltage.

However, one shortcoming to FAIMS is that although
mass is an independent, easily calculable variable, mobility
in a varying electric field is not easily predicted and
depends on several variables including composition and
chemical functionality, among others. Thus, it is presently
not possible to make direct predictions or calculations of
surface area using raw FAIMS data without first running
standards and determining which compensation voltage is
required for each structural representation of a particular
isobaric set of ions.?*%2

Ion Mobility Data Interpretation

The combination of IM and MS provides a unique advant-
age as it provides both ion structural information by IM and
mass-to-charge (m/z) information determined by accurate
mass measurement by MS. Typically, IM-MS data are pre-
sented as a 3D plot with m/z on the x axis and ATD (calcu-
lated from drift velocity) on the y axis (although »/z and
ATD are sometimes swapped depending on the particular
instrumentation used), with false coloring used to display ion
intensity (Fig. 3b). In IM-MS, the two separation dimensions
exhibit a high degree of correlation, which can simultane-
ously be a challenge and a significant advantage. Given the
relatively few types of atoms involved in the composition of
most biomolecules (C, H, O, N, P, and S), the mass and vol-
ume of a molecule are largely related by a narrow range of
density. This conformation space, as it is termed, has been
extensively mapped for many biomolecules such as nucleo-
tides, carbohydrates, peptides/proteins, and lipids.®** With
these molecules there are inherent correlations that can be
predicted for each class of analyte due to the specific struc-
tures different types of molecules preferentially adopt (Fig.
4). Although more pronounced for a m/z range over 2000, at
lower ranges as that depicted in Figure 4b separations are
still feasible but the correlations begin to overlap. Neverthe-
less, the average density for different classes of biomolecules
(e.g., peptides vs. lipids) can be quite different and provides
great utility in the separation of complex samples in the si-
multaneous measurement of different omics, e.g., lipidomics
and proteomics (Fig. 4c) and glycoproteomics (Fig. 4d).

IM-MS data plotted in conformation space can be easily
used to analyze multiple enantiomeric systems and/or
complex samples, whereas most IM or MS techniques
alone must concentrate on a single chiral analyte system.
As of yet, there is not much groundwork in place for the
predicted occurrence of many small molecules, including
chirality, in conformation space, although there are studies
in progress.®* This is due in large part to the fact that
under standard conditions, enantiomers (being of similar
overall size and mass) will actually overlap on this plot.

Chiral Molecule Analysis Using IM-MS

Like traditional MS, IM is in and of itself a chirally blind
technique because even though chiral molecules have dif-
ferent orientations, they often have similar overall surface

Chirality DOI 10.1002/chir
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Fig. 6. (a) A depiction of the emergence of an intact membrane heteromeric protein complex (adenosine 5-triphosphate (ATP)-binding cassette
transporter, BtuC,D») from a micelle contained within an electrospray droplet and the subsequent gas-phase dissociation pathways. Ions corresponding
to the protein complex associated with aggregates of surfactant molecules are observed above m/z 5000. At low /2, the dominant dissociation product
is an unfolded BtuD subunit [pathway (i)]. Increasing the number of collisions results in the release of the intact tetramer [pathway (ii)]. Further
increases in the number of collisions lead to the dissociation of BtuC and formation of a trimer [pathway (iii)] (Adapted from Ref. 129, with permission
from American Association for the Advancement of Science). (b) Ion mobility data for the 19+ charge state of protein complex apo TRAP as a function
of activation energy. The dashed lines (green and blue) represent the collision cross sections for the most collapsed structures and ring structures
obtained from molecular simulations (Adapted from Ref. 130, with permission from American Association for the Advancement of Science).

areas. One approach to overcome this challenge is using a
derivative of the kinetic method to complex enantiomer
analytes and FAIMS to detect the subsequent intact dia-
stereomeric complexes. This technique has been used to
successfully separate many chiral molecule pairs including
the enantiomers of terbutaline,”® various amino acids,”” p-
and 1-lactic acid,”® and the diastereomers of ephedrine and
pseudoephedrine.”” The theory behind these separations
cannot be handled by a trivial calculation and it is not con-
sistently clear which structural characteristics contribute
to a given complex’s distinctive transmission compensa-
tion voltage (i.e., whether a more elongated structure for
example requires a higher or a lower compensation volt-
age). Therefore, enantiopure standards need to be run to
identify which components are transmitted at specific com-
pensation voltages. Furthermore, it is not uncommon for a
single enantiopure standard to produce two peaks, which
can further complicate the analysis.

A 2006 study conducted by Dwivedi and coworkers took
a different approach. This work involved doping the nitro-
gen drift gas of a DTIM instrument with a small partial
pressure of chiral modifiers, (S)-(+)-2-butanol and (R)-
(—)-2-butanol.’* One enantiomer of a racemic mixture
interacted with one form of the 2-butanol longer or more
favorably in the separation cell and resulted in chiral selec-
tivity (Fig. 5). Although the mechanism of this interaction
was not fully modeled, it was found that by switching from
(S)-(+)-2-butanol to (R)-(—)-2-butanol, the order of enan-
tiomer elution from the drift cell was reversed. This may
indicate that some form of the Pirkle rule is being satisfied
in the gas phase. Using this method, separation for a num-
Chirality DOI 10.1002/chir

ber of compounds including (R)/(S)-atenolol, p/1-serine,
p/1I-methionine, n/1-threonine, b/I-penicillamine, p/1-vali-
nol, n/Lphenylalanine, p/1L-tryptophan, and p/1-methyl o-
glucopyranoside from the respective racemic mixtures
were demonstrated. All of the molecules in the study pos-
sessed only one chiral center, or few centers, and were of
low molecular weight, so it is therefore unclear how larger
multiple-chiral-center molecules like peptides might sepa-
rate in a chiral gas-phase environment. This study by Dwi-
vedia et al. is the only work to date that has shown IM sep-
aration on the basis of long-range interaction potentials,
not purely elastic collisions, and without the need for addi-
tion of a chiral reference or complexing agent to the sam-
ple. This simplifying factor makes this technique a very
promising option for the analysis of multiple chiral sys-
tems in a complex mixture.

Both the FAIMS and the buffer gas doping experiments
occur via mechanisms not fully understood at this time.
However, it can be concluded that with its predictability
and greater ease of use that the altered bath gas method
by Dwivedi has more potential to gain popularity in the
near future. On a separate but similar note, separations of
different forms of isomers (stereoisomers and diastereo-
mers) have been routinely achieved in much the same
way as the enantiomer separations.

Protein Structural Analysis

Apart from the small molecule systems that have been
reviewed so far, protein structure analysis is another major
interest in the chiral analysis community. CD and VROA
are used extensively to sample the secondary structure of
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various peptides and proteins. However, caution must be
exercised while performing these conformational studies
as CD was recently shown to give the same spectrum for a
B-peptide displaying a folded and an unfolded conforma-
tion.'® Additionally, CD spectra which suffer from aromatic
or sulfur-containing side-chain interferences from amino
acids such as tryptophan, tyrosine, phenylalanine, cyste-
ine, and methionine are difficult to correct although efforts
in this regard have been made.'®

Protein analysis using IM-MS is complementary to
MS in that it could not be widely used until advances in
contemporary ionization techniques (e, MALDI*!
and ESI'®®) allowed for sampling of large biomolecules.
Early IM-MS studies focused on various metallo-atomic
clusters and later peptides, proteins, and other biomole-
cules. 3?1931 This work was able to demonstrate the
fluidity of integration of IM into the already established
MS platform.

Studies throughout the early 2000’s saw IM-MS applica-
tions leading toward more intricate structural studies. For
example, for systems such as nucleotide biopolymers,
there is much effort being put toward trying to distinguish
between 34, a-, and mhelices using chiroptical techni-
ques. 118 Counterman and Clemmer!'*® showed the abil-
ity to differentiate these motifs using IM-MS. Similarly,
Jarrold and coworkers'?*'%6  studied o-helices and
B-sheets in unsolvated form. Julian et al.’?’ performed a se-
ries of experiments to study the stability of the homochiral
gas-phase serine octamer. Hill and coworkers'?® have
shown the separation of isomeric peptides using standard
IM conditions demonstrating that although molecular
masses may be similar, overall conformation may vary to a
degree that is discernable by IM-MS. In this work, separa-
tion was shown for reverse peptide sequences (i.e., Gly-
Arg-Gly-Asp-Ser vs. Ser-Asp-Gly-Arg-Gly) as well as pep-
tides differing only by two isomeric peptides (.e., Tyr-Ala-
Gly-Phe-Leu vs. Tyr-p-Ala-Gly-Phe-p-Leu) and as little as
ca. 3A? difference.

Concurrent with advances in the instrumentation and
ionization strategies have been the extension of IM-MS
techniques for the analysis of large intact protein com-
plexes, largely driven by Robinson and coworkers (Refs.
86, 129-131; Fig. 6) These studies use ESI-IM-MS in-
strumentation along with various forms of molecular dy-
namics to infer linkages and interaction tendencies of
large heterogeneous protein complexes. Despite the fact
that IM-MS protein structure analysis does not utilize the
analyte’s chiral characteristics per se, it gives a more
complete picture of tertiary and quaternary structure.
This ability extends from smaller structures (.e., pep-
tides, and small nucleotide oligomers) to larger struc-
tures, (i.e., proteins and intact protein complexes), which
ultimately makes IM-MS a uniquely versatile tool. This
technology provides a rapid means for the determination
of biomolecular structure directly from complex samples,
and when used in concert with appropriate chiroptical
techniques, these multiple views can present a more
detailed structural outlook than any one of these meth-
ods alone.!*
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CONCLUSIONS

Gas-phase measurements of chirality and structure are
increasingly being performed using MS and IM-MS mea-
surement strategies. In MS techniques, a chiral selector is
typically used to selectively interact with an enantiomer to
provide quantitative information about both enantiomers
present in the sample. In IM-MS measurements, chiral se-
lectivity can be obtained through the use of a chiral selec-
tor or through using a partial pressure of chiral gas in the
drift gas used for the IM separation. Furthermore, the
structural information afforded by IM separations can be
obtained directly from complex mixtures and from small
molecules to massive protein complexes. Owing to the
speed and high information content of these gas-phase
measurement techniques, it is anticipated that MS and IM-
MS will play an increasingly important role in chiral and
structural analysis, which can complement the information
derived from more traditional chiroptical techniques.
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