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a b s t r a c t

High-field asymmetric waveform ion mobility spectrometry-mass spectrometry (FAIMS-MS) can resolve
over an order of magnitude more conformers for a given protein ion than alternative methods. Such an
expansion in separation space results, in part, from protein ions with masses of >29 kDa undergoing
dipole alignment in the high electric field of FAIMS, and the resolution of ions that adopt pendular vs free
rotor states. In this study, FAIMS-MS, collision-induced dissociation (CID), and travelling wave (TW) IMS-
MS were used to investigate the pendular and free rotor states of protonated carbonic anhydrase II (CAII,
29 kDa). The electrospray ionization additive 1,2-butylene carbonate was used to increase protein charge
states and ensure extended ion conformations were formed. For relatively high charge states in which
dipole alignment occurs (30e38þ), FAIMS-MS can baseline resolve the isobaric pendular and free rotor
ion populations. For TWIMS-MS, these same charge states resulted in monomodal arrival time distri-
butions with collision cross sections corresponding to highly extended ion conformations. Interestingly,
CID of FAIMS-selected pendular and free rotor ion populations resulted in significantly different frag-
mentation patterns. For example, CID of the dipole aligned CAII 37þ resulted in cleavages C-terminal to
residue 183, 192 and 196, whereas cleavage sites for the free rotor population occurred near residues 12
and 238. Given that the cleavage sites are ’directed’ by protonation sites in the CID of protein ions, and
highly charged protein ions adopt extended conformations with the same or very similar collision cross
sections, these results indicate that the pendular and free rotor populations separated in FAIMS can be
attributed to protonation isomers. Moreover, the extent of protein ion charging in FAIMS-MS decreased
substantially as the carrier gas flow rate decreased, indicating that ion charging in FAIMS-MS can be
limited by proton-transfer reactions. Given that the total mass of proton charge carriers corresponds to
less than 0.2% the mass of CAII, we anticipate that FAIMS-MS can be used to separate intact isobaric
proteoforms with masses of at least ~29 kDa that result from alternative sites of post-translational
modifications.

1. Introduction

Ion mobility spectrometry (IMS) is well-known for its ability to
rapidly separate many different types of ions nearly simultaneously
for sensitive detection by mass spectrometry (MS) [1,2]. The most
common IMSmethods separate ions along the direction of travel as
they traverse a linear distance through a buffer gas under the in-
fluence of a relatively low DC or pulsed electric field (E), such as in
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drift tube IMS or travelling wave (TW) IMS, respectively [3]. Typi-
cally, such separated ions are detected within microseconds with
high sensitivity using an orthogonal acceleration time-of-flight
mass analyser that was re-invented and developed in the mid-to-
late 1980s [4e8] for which Professor Michael Guilhaus received
the 1997 Curt Brunn�ee Award. Under low E/N (N is the gas number
density), ion drift velocity increases linearly with electric field and
is strongly dependent on the ion’s collision cross-section, mass and
charge state. High-field asymmetric waveform ion mobility spec-
trometry (FAIMS) enables ion separations to be performed using
extremely high electric fields such that mobility depends non-
linearly on E/N. Additional to high-field ion transport phenomena,
such as ion-neutral declustering, field heating, inelastic collisions,
and Non-Blanc phenomena [9], can also occur in FAIMS. Moreover,
the ion separations in FAIMS typically occur at atmospheric pres-
sure, which can be beneficial in innovative portable ion ‘sensing’
and tandem FAIMS-FAIMS applications without constraints asso-
ciated with vacuum systems [10,11].

In FAIMS, ions are carried by a gas between two parallel elec-
trodes. An asymmetric waveform of a given amplitude (or disper-
sion voltage, DV) is applied between the electrodes separated by a
distance d resulting in amaximum electric field, ED (DV/d). By use of
the asymmetric field, ions are separated laterally to the direction of
flow based on their differential mobility in the high and low electric
fields. In FAIMS, ions can be classified into at least three types: (i)
ion mobility increases with increasing electric field (A-type); (ii)
ion mobility decreases with increasing electric field (C-type); and
(iii) ion mobility increases and then decreases with increasing
electric field (B-type) [9]. The type of ion behaviour in FAIMS can
depend strongly on ion solvation effects, in which greater ion-
solvent clustering can result in enhanced A- or B-type behaviour
[12]. To compensate for the change in ion mobility, a compensation
voltage (CV) or compensation field EC (CV/d) is superimposed on the
waveform and can be tuned to selectively correct the ion’s lateral
displacement. For example, a positive EC is applied to transmit C-
type ions and a negative EC is applied to transmit A-type ions. By
scanning the CV, a spectrum of ions can be obtained. Since FAIMS
separates ions based on differential mobilities, ion separations can
be substantially more orthogonal to m/z than for low field separa-
tions [13], and can enable the separation of many different types of
isobaric ions, including ‘middle-down’ proteoforms [14,15], pep-
tides with alternative sites of chemical modifications [16e19],
isomeric perfluoroalkyl substances [20], diastereomers [21e23],
and small molecules [24,25].

FAIMS-MS is particularly promising for the analysis of whole
proteins. For example, FAIMS can separate >10 intact protein con-
formers e at moderate-to-high charge states e of ubiquitin, cyto-
chrome c and myglobin [26,27]. For larger proteins, FAIMS can
separate over a magnitude more protein ion conformations than
most IMS methods [1]. One of the reasons for this enhanced sep-
aration capability for FAIMS is the phenomenon of dipole align-
ment [1,28]. For proteins such as carbonic anhydrase (~29 kDa),
transferrin (~78 kDa) and serum albumin (~66 kDa), ions can un-
dergo a reversible dipole alignment under high electric field, in
which the dipole moment for these protein ions exceeds the 450 D
threshold required for dipole alignment to occur under typical
FAIMS conditions (atmospheric pressure and ambient temperature)
[1,28]. That is, ions > 30 kDa will shift from C-type to A-type (or B-
type) behaviour. As a consequence of dipole alignment, the direc-
tional cross section is smaller than the rotationally averaged cross
section and thus, ion mobility will increase resulting in A-type (or
B-type) ion behaviour [29]. That is, A- or B-type correspond to
pendular or aligned ion states and C-type to free rotor or unaligned
states for proteins ~29 kDa and higher in mass. Given the enhanced
ability to separate a relatively large number of protein

conformations, the separation of isobaric intact proteins that differ
by alternative sites of post translational modifications using FAIMS
is becoming feasible.

Herein, we investigated the origins of the pendular and free
rotor states of a ~29 kDa protein (carbonic anhydrase II) that is of an
‘ideal’ size to adopt both pendular and free-rotor states during
FAIMS-MS separations. Because different 3D conformations of a
protein ion should have different dipole moments, we used a
chemical supercharger 1,2-butylene carbonate (BC) as an ESI ad-
ditive to increase the charge states of protonated carbonic anhy-
drase and ensure that protein ions adopt extended conformations.
Given that FAIMS resolution is proportional to z1/2 (z¼ charge state)
[26], protein ion supercharging should ’in principle’ improve ion
separation in FAIMS. Based on FAIMS-MS, CID and TWIMS-MS
measurements, we report that the pendular and free rotor states
of highly charged carbonic anhydrase II (CAII, ~29 kDa) can corre-
spond to protonation isomers that are in extended protein ion
conformations and have nearly the same collision cross sections.
Moreover, the extent of protein ion charging in FAIMS-MS can be
limited by proton-transfer reactions at atmospheric pressure.

2. Method

2.1. Materials

Carbonic anhydrase II from bovine erythrocytes was obtained
from Sigma Aldrich and used without further purification. BC was
obtained from Tokyo Chemical Industry. Deionized ultrapure water
(18 MU cm) was obtained using awater purification system (MilliQ,
Merck). Methanol and acetic acid were obtained from Merck and
Chem Supply, respectively. Stock solutions of carbonic anhydrase II
were prepared in deionized water. For FAIMS-MS experiments,
sample solutions of CAII (20 mM) were prepared in 99:1 methanol:
acetic acid; supercharged solutions were prepared in 94:5:1
methanol:BC:acetic acid. For TWIMS-MS experiments, sample so-
lutions of CAII were prepared in 94:5:1 methanol:BC:acetic acid.

2.2. Instrumentation and calculations

All FAIMS-MS experiments were carried out on amodified linear
quadrupole ion trap MS (LTQ XL, Thermo Scientific, San Jose, CA,
USA) that is equipped with a custom ion funnel, a high-resolution
FAIMS device (Heartland Mobility, KS, USA), and an ESI source.
For ESI, sample solutions were infused at 1 mL/min into a borosili-
cate capillary emitter (76 mm inner diameter), and a voltage
of þ3.5 kV was applied to the solution relative to the curtain plate
entrance of the FAIMS device. For FAIMS-MS, an ED of 22 kV/cmwas
applied and a N2(g) carrier gas with a flow rate of 2e4 L/min was
used. Flowrates of less than 2 L/min resulted in very low signal-to-
noise under these conditions and were not used subsequently. Full
details of the FAIMS-MS experiments are detailed elsewhere
[21,22]. Collision-induced dissociation (CID) of ions that were
selected by FAIMS-MS was performed using normalised collision
energy of 2% and an isolationwindow of 4m/z centred on the ion of
interest (Table S1). To confirm sequence ion assignments, the CID
mass spectra were also measured using a hybrid linear quadrupole
ion trap-orbitrap MS (LTQ Orbitrap XL, Thermo Scientific, San Jose,
CA, USA) [30]. Sequence ions were processed using MASH-Suite
[31]. For TWIMS-MS experiments, a Synapt G2-Si (Waters) equip-
ped with a nanoelectrospray ionization source was used as
described previously [32]. CCS values were obtained from ion
arrival time distributions by an established calibrationmethod [33].
Both extended-chain and a-helical structures of CAII were con-
structed in Avogadro [34], and the corresponding CCS values were
computed using Collidoscope in a method described previously



[32,35]. Details of the TWIMS-MS experiments (Table S2), experi-
mental drift time values, and the CCS calibration methodology can
be found in the Supplementary Information. Predicted protonation
sites were calculated using PredictPrPlus [30,36], which was
modified to export detailed protonation configurations within
specified energy thresholds (refer to Table S3 for input parameters).

3. Results and discussion

3.1. Effects of FAIMS-MS on protein ion charging

Solution additives such as BC can be used to significantly in-
crease protein ion charging in ESI-MS [37e41]. The mass spectra of
solutions containing CAII, with or without 5% v/v BC, are shown in
Fig. 1. In ESI-MS, the addition of BC increased the average (abun-
dance weighted) charge state from 34.0 ± 0.1 to 44.3 ± 0.4, which is
comparable to previous reports [37,38]. In contrast, by using ESI-
FAIMS-MS (without separation, i.e. no asymmetric waveform
applied), the addition of BC at a carrier gas flow rate of 2 L/min N2
had minimal effect. For example, the average charge state was
32.5 ± 0.1 without using BC compared to 31.31 ± 0.01 using BC.
However, the average charge state of CAII increased steadily and
monotonically from 31.31 ± 0.01 to 40.6 ± 0.1 as the gas flow rate
increased from 2 L/min to 4 L/min (Supplementary Fig. 1). The
higher flow rate of 4 L/min corresponds to an ion residence time in
the FAIMS device of 0.1 s as opposed to 0.2 s for 2 L/min. Since
higher charge states are formed when ions spend less time in the
FAIMS device, these data suggest that protein charge stripping can
occur with lower flow rates and correspondingly longer ion resi-
dence times. Highly charged protein ions in which approximately
every fourth residue is protonated on average (CAII ~40þ and
higher) can readily transfer a proton to N2 at reduced pressure
when stored in a linear quadrupole ion trap (<1 mTorr of N2)
[36,42]. Given that the partial pressure of N2 in ambient pressure
FAIMS experiments is five orders of magnitude higher (~760 Torr)

[36,] than in the previous ion-trap proton-experiments (<1 mTorr)
[36], the 40þ and higher charge states of CAII are expected to
readily transfer protons to N2(g) during transit between the FAIMS
electrodes. Any impurities more basic than N2 in the carrier gas
may also contribute to reducing protein ion charging by proton
transfer reactions. Because the resolving power in FAIMS decreases
with shorter ion residence times [43], any improvement to reso-
lution in FAIMS by the formation of CAII in higher charged states is
limited by proton transfer reactions with ambient gases under
these conditions.

3.2. Comparison between TWIMS and FAIMS-MS

Representative FAIMS-MS spectra and TWIMS-MS arrival time
distributions for CAII 26þ to 38þ are shown in Supplementary
Fig. 2. For charge states higher than 30þ, FAIMS-MS resulted in
two baseline separated peaks (EC ~ �179 to �154 V/cm and þ23
toþ24 V/cm), whereas lower charge states resulted in a single peak
(EC ~ þ25 to þ36 V/cm). These data are consistent with at least one
sub-population of ions in FAIMS-MS that can undergo dipole
alignment (charge states 30þ to 38þ with A- or B-type behaviour)
and another population that does not (charge states 26þ to 38þ
with C-type behaviour). That is, pendular states are observed for
charge states 30þ to 38þ, and free rotor states for charge states 26þ
to 38þ, consistent with previous reports [28]. For charge states
higher than 30þ, the EC of the A-type population shifts to more
negative values from ~ �156 V/cm (31þ) to ~ �178 V/cm (38þ) as
the charge state increases (Fig. S2), which can be attributed to
enhanced ion-neutral clustering during the low field portion of the
FAIMS waveform as charge state increases. This result is consistent
with more highly charged ions having higher sequential ion-
neutral binding energies than those with fewer charges [44e46].
In addition, the peak abundances of the C-type ions decreased as
charge state increased from 26þ to ~34þ and the abundances of
this ion type increased at higher charge states. While the origin for

Fig. 1. The extent of protein ion ‘supercharging’ can be limited by using FAIMS-MS. Comparison of ESI mass spectra of CAII with either (a) no BC, or (b) 5% v/v BC; and ESI-FAIMS
mass spectra of CAII (without using an asymmetric waveform for ion separation) at a gas flow rate of 2 L/min N2 either with (c) no BC, or (b) 5% v/v BC.



this phenomenon is unclear, one possible explanation can be
attributed to the differences in the total number of energetically
low-lying proton configurations (see below).

In contrast, TWIMS-MS for the same charge states resulted in
single arrival time peaks for each charge state (Supplementary
Fig. 2). The corresponding CCS values for CAII 26þ to 38þ are
shown in Supplementary Table 4 and Supplementary Fig. 3. Both
extended-chain and a-helical structures were also calculated for
the three charge states (Supplementary Fig. 3). The experimental
CCS values increased from 75.1 to 85.6 nm2 for charge states 26þ to
38þ, respectively, which were between the calculated rotationally
averaged CCS values for extended-chain (~102 nm2) and a-helical
structures (~62 nm2). Given that CCS increases as a function of
charge state and are between the predicted CCS values for
extended-chain and a-helical structures, these results indicate that
the ion population may include both ‘extended’ and a-helical mo-
tifs, and that more elongated conformers are found for charge
states >30þ (CCS > 79 Å). Previous studies have demonstrated that
the charge states of protein ions formed from native solutions that
are separated by FAIMS can have substantially different gas-phase
hydrogen-deuterium exchange kinetics [47] and electron capture
cross sections [48], consistent with FAIMS-separated isobaric
charge states having significant conformational differences. How-
ever, such observations have not been reported for FAIMS-
separated isobaric protein ions in high charge states with elon-
gated conformations.

3.3. Collision-induced dissociation of FAIMS-selected intact protein
ions

Collision-induced dissociation data of FAIMS-selected intact
protein ions for three different charge states of CAII (27þ, 32þ, and
37þ) were obtained for the pendular states (32þ and 37þ) and free
rotor states (27þ, 32þ, and 37þ) (Fig. 2). These charge states are
representative of ions in relatively low to high charge states that
have pendular states and/or free rotor states in FAIMS-MS separa-
tions. For both the 32þ and 37þ charge states, CID of free rotor and
pendular states transmitted at either positive or negative EC,
respectively, resulted in different fragmentation spectra. Specif-
ically, the 32þ charge state fragmented to yield unique cleavage
sites at negative EC (C-terminal to Leu196 and Thr198). Similarly, the
37þ charge state yielded unique cleavage sites at negative EC (C-
terminal to Leu183, Tyr192, and Leu196) and positive EC (N-terminal
to Pro12 and C-terminal to Leu238). Because cleavage sites in intact
protein ions are ‘driven’ by the location of protons before and
during ion activation [30,49], the difference in the measured
cleavage sites for pendular and free rotor states indicates that the
proton locations are different in these two ion populations. In the
absence of FAIMS separation, CID of CAII 32þ and 37þ correspond
to a linear superposition of the fragmentation patterns of FAIMS
separated pendular and free rotor states as expected. For example,
the summed abundances for the free rotor states (relative popu-
lation of ~37%) and pendular states (~63%) at each cleavage site for
37þ arewithin an average of ~35% of those resulting fromCID of the
unseparated 37þ.

3.4. Calculated proton configurations

Predicted proton configurations for the 27þ, 32þ, and 37þ
charge states were also calculated using a simple electrostatic
model implemented in PredictPrPlus [30,36] which was modified
slightly to store all proton configurations within a specified energy
relative to the ground state configuration (Supplementary Fig. 4,
and Supplementary Tables 5e7). In this approach, the extended
protein ions are modelled as 1D line segments with each amino

acid residue corresponding to a node with a given intrinsic gas-
phase basicity, and electrostatic repulsion is accounted for using
Coulomb’s law [30,36]. A given number of protons are randomly
distributed along the protein backbone and the energy is mini-
mised by semi-randomly moving each proton to a different node
and calculating the configuration energy. The protons are then
randomly distributed again, and re-optimised. The lowest energy
configurations within a given energy were then stored after 30,000
computational iterations.

For the 27þ, 32þ, and 37þ charge states, a total of 172, 6, and 18
different proton configurations were calculated to be within 12 kJ/
mol of the lowest energy configuration. Most protons were located
at basic amino acid residues (i.e. Arg, Lys, His, and the N-terminus).
However, 3, 6, and 11 protons for charge states 27þ, 32þ, and 37þ,
respectively, were located at low basicity residues (i.e. not Arg, Lys,
His or the N-terminus). Specifically, 2, 3, and 4 protons for charge
states 27þ, 32þ, and 37þ, respectively, were located near residues
175 to 200 where no basic residues are present. Previous research
has demonstrated that in the CID of highly charged protein ions,
cleavage sites occur near the first low basicity residues that are
predicted to be protonated with increasing charge state [30]. For
the CID of the pendular and free rotor separated protein ions,
cleavage sites also occurred near the predicted sites of protons at
low basicity residues. For example, CID of the 32þ ion resulted in
cleavage sites C-terminal to residues Trp-190 and Pro-199, which
are near predicted sites of protonation (Fig. 2). Furthermore, the
protons that are calculated to be in different locations from the
lowest energy configuration for higher energy configurations are
shown in Supplementary Fig. 4. For all three charge states, the
protons that are in different locations in higher energy configura-
tions tend to be located near low basicity residues in the lowest
energy calculated configuration, and these protons are clustered
near the C-terminal side of the protein, particularly for the 27þ and
32þ, which is also where most of the differences in cleavage sites
occur for the pendular and free rotor separated protein ions. Given
that the predicted protonation sites correspond well with the
measured cleavage sites in CID and that the CCS of each ion pop-
ulation are very similar, these data suggest that free rotor and
pendular states, which can be separated by FAIMS-MS, correspond
primarily to protonation isomers that have very similar or the same
(rotationally averaged)collision cross sections. Differences in pro-
ton configurations and low-field ion-neutral clustering that occur
in FAIMS should impact the dipole moments of ion species and thus
enable protomer separation. Considering that many energetically
low-lying proton configurations are possible, these results also
suggest that FAIMS can separate two sub-populations of many
different protonation isomers, or ensembles of protomers. The
extent and location of alpha helical motifs, or other structural
features, within elongated protein ion conformations may yield
ions of a given charge state with similar CCS (that cannot be
resolved by TWIMS-MS) and may also contribute to the separation
of protonation isomers in FAIMS-MS.

4. Conclusion

Dipole alignment in FAIMS contributes to a unique phenomenon
in which protein ions with masses > ~29 kDa can exhibit both
pendular and free rotor states, which can be separated and signif-
icantly enhance the separation space for intact protein ions. FAIMS
of protonated carbonic anhydrase II ions (30e38þ) results in two
baseline separated ion populations for each charge state corre-
sponding to free rotor and pendular states, whereas TWIMS results
in a single arrival time distribution for each charge state. Based on
the TWIMS measurements, the highly charged CAII ions (30e38þ)
adopt elongated conformations. Collision-induced dissociation of



FAIMS-selected free rotor and pendular states of protonated CAII
ions (32þ and 37þ) resulted in substantially different fragment ion
spectra, and the formation of unique sequences ions primarily
clustered near the C-terminal half of the protein. Cleavage sites
tended to occur near predicted protonation sites at low basicity
amino acid residues, consistent with cleavages being driven by
protonation sites both prior to and/or during ion activation in CID
[30,49]. These results indicate that FAIMS-MS can resolve protomer

ensembles of the same mass, charge, and essentially the same
rotationally-averaged (i.e. low-field) collision cross sections, but
different dipole moments. The extent of protein ion charging in-
creases strongly as the carrier gas flow rate increases and corre-
sponding ion residence time decreases, which indicates that
protein ion charging is limited by proton transfer reactions in
FAIMS-MS under these conditions. Given that CID can result in the
migration of protonation sites during ion activation, the integration

Fig. 2. Isobaric protonation isomers can be resolved in FAIMS-MS. Charge states 27þ (a, d, g, j), 32þ (b, e, h, k), and 37þ (c, f, i, l) from: TWIMS-MS arrival time distribution (aec);
FAIMS-MS distribution (def); CID-FAIMS-MS without separation (gei); CID-FAIMS-MS with separation (jel). Positive abundance indicates CID taken from free rotor states (C-type)
at positive EC; negative abundance indicates CID taken pendular states (A- or B-type) at negative EC. Red/pink ¼ b sequence ions; blue/green ¼ y sequence ions. b* indicates (b e

NH3) sequence ions. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)



of FAIMS with complementary ion activation methods that can
cleave backbone protein ions bonds with minimal ‘scrambling’ of
labile hydrogen atoms or protons, such as ultraviolet photodisso-
ciation, should be particularly useful for assigning charge site lo-
cations and probing conformational folding and/or refolding of
pendular and free rotor states after ion separation [50e52]. It is
anticipated that by performing FAIMS at reduced pressures [53,54],
protein ion supercharging can be used to increase the performance
of denatured protein ion separations. Given that isobaric ‘proto-
mers’ of an intact 29 kDa protein ion can be separated, we antici-
pate that FAIMS will be beneficial in the analysis of intact
proteoforms that differ by alternative sites of post-translational
modifications, such as phosphorylations, which can significantly
impact charge configurations of whole protein ions.
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