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Abstract

Ion mobility coupled with mass spectrometry has evolved into a powerful analytical technique for investigating the gas-phase structures of bio-
molecules. Here we present the mobility separation of some peptide and protein ions using a new hybrid quadrupole/travelling wave ion mobility
separator/orthogonal acceleration time-of-flight instrument. Comparison of the mobility data obtained from the relatively new travelling wave
separation device with data obtained using various other mobility separators demonstrate that whilst the mobility characteristics are similar, the
new hybrid instrument geometry provides mobility separation without compromising the base sensitivity of the mass spectrometer. This capability

facilitates mobility studies of samples at analytically significant levels.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

A wide variety of diseases previously thought to be unrelated,
such as prion diseases, diabetes and cancer, share the patholog-
ical feature of aggregated misfolded protein deposits [1]. This
suggests the exciting possibility that these ‘protein-misfolding
diseases’ are linked by common principles. Ion mobility (IM)
spectrometry in combination with mass spectrometry (MS) pro-
vides a specific probe for investigating the structural and confor-
mational properties of bio-molecules in the gas phase [2—7] and
therefore has the potential to be of great value to this research.
Sensitivity is a key requirement for these measurements since
biologically relevant concentrations need to be examined.
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IM spectrometry relies on separation of a packet of ions based
on mobility differences as they drift through an inert gas under
the influence of a weak electric field. Classical ion mobility
devices, or drift tubes, use a uniform, static, electric field to
drive ions through the background gas. The physical principles
behind drift tube devices are well understood [8,9] and mobility
values obtained can be used to derive gas-phase collision cross-
sections (£2) for comparison with theory [4,5,10,11] using the
derived expression:

Q=3ze 2 O'SL
16N | wkyT Ko

where N is the background gas number density, ze the ionic
charge, u the reduced mass of the ion—neutral pair, kp is
Boltzmann’s Constant, T the gas temperature and K is the
reduced mobility (=measured mobility corrected to 273.2 K and
760 Torr).

The last decade has seen extensive development in IM-MS
techniques. Perhaps the more important advances from an ana-
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Fig. 1. A schematic diagram of the Synapt HDMS system. All of the turbomolecular pumps have 220 1/s pumping speed (model EXT255H, Edwards, Crawley, UK)

and are backed by a 35 m/h scroll pump (model XDS35i, Edwards, Crawley, UK).

lytical standpoint have been those which help to address inherent
sensitivity issues associated with classical drift tubes and pro-
vide faster mass spectral acquisition. Typically, drift tube devices
suffer from poor sensitivity due to the low duty cycle related to
gating packets of ions into the device and due to ion radial dif-
fusion beyond the diameter of sampling apertures in the mass
spectrometer. In a previous study, the low duty cycle was effec-
tively overcome in sub-ambient pressure drift cells through use
of a Paul geometry ion trap to both accumulate ions whilst the
previous mobility separation was occurring, and then to inject
them into the drift tube [12]. Other ion storage geometries have
since been used to improve duty cycle [13,14]. Alternatively the
issue of duty cycle can be somewhat circumvented through use of
discontinuous ion sources such as MALDI, where the ion plume
from each laser shot can provide the packet for mobility sepa-
ration [4,6,15—17]. The effect of ion loss due to radial diffusion
has been lowered through use of a periodic focussing dc drift
tube design [6,16,17], or has been essentially eliminated through
use of radio frequency (RF) ion guides with axial fields as the
mobility separator [18-20]. A high-field focussing element at
the exit of the mobility cell has also been shown to improve ion
transmission [21]. More recently, the combined use of ion fun-
nels before and after the drift tube has been shown to provide
essentially lossless transmission [22,23]. The first funnel accu-
mulates ions and pulses them into the drift tube and the second is
used to re-axialize the radially diffuse mobility-separated ions.
In terms of mass spectral acquisition, the use of ToF [24] and in
particular orthogonal acceleration (oa) ToF technology provides
an analyser which is capable of providing full mass spectra on
timescales short enough to enable profiling of millisecond wide
ion mobility peaks; a capability not possible with mass analysers

such as quadrupoles or ion traps.

A different approach to mobility separating ions using a trav-
elling voltage wave incorporated in a RF ion guide has recently
been reported [25,26]. This technique shows high transmission
efficiency and a separative power comparable with conventional
drift cell approaches albeit at only moderate resolution. Here
we present data on the mobility separation and mass analysis of
a number of peptides and proteins obtained using a new hybrid
quadrupole/IM separator/oa-ToF instrument where the IM sepa-
rator is based on the travelling wave device reported previously.
The results obtained are compared with previously reported data
obtained using other mobility separators.

2. Instrumentation

A schematic diagram of the hybrid quadrupole/IM
separator/oa-ToF instrument (the Synapt HDMS system-Waters
Corp., Milford, USA) is shown in Fig. 1. The IM section com-
prises three travelling wave-enabled stacked ring ion guides
(SRIGs) as shown in more detail in Fig. 2. The trap ion guide
is used to accumulate ions during the previous mobility separa-
tion then release an ion packet into the IM ion guide for mobility
separation. The transfer ion guide is used to convey the mobility-
separated ions to the oa-ToF for mass analysis.

2.1. Travelling wave stacked ring ion guides

A full description of the mode of operation of stacked ring
ion guides with travelling waves is given elsewhere [25] and
so will only be described briefly here. The ion guide comprises
a series of planar electrodes arranged orthogonally to the ion
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Fig. 2. A schematic diagram of the IMS section of the Synapt, comprising three
travelling wave ion guides labelled, trap, IMS and transfer.

transmission axis, as shown in Fig. 3. Opposite phases of an
RF voltage are applied to adjacent electrodes and provide a
radially confining effective potential barrier [27]. In the pres-
ence of a background gas, ion axial motion through a SRIG can
be significantly slowed or stopped due to the presence of axial
traps generated by the ring geometry. To propel ions through the
gas, a transient dc voltage is superimposed on the RF applied
to a pair of adjacent electrodes in a repeating sequence along
the length of the device. The series of potential hills so gen-
erated are subsequently applied to the next pair of electrodes
downstream at regular time intervals providing a continuous
sequence of ‘travelling waves’. The ions within the device are
driven away from the potential hills and consequently are car-
ried through the device with the waves, minimising their transit
time (see Fig. 4). All the travelling wave ion guides (TWIGs)
used in the IM section of the instrument have 5 mm diame-
ter ion transmission apertures, 0.5 mm electrode thickness and
a centre-to-centre spacing of 1.5 mm. The RF voltage used is

Ring
REG) Electrode
Ions Tons
= =
In Out
RF (-)

Fig. 3. A stacked ring ion guide (SRIG).

at a frequency of 2.7 MHz and is of variable amplitude up to
400V pk—pk.

2.1.1. Travelling wave IMS (TWIMS)

The TWIMS consists of 61 electrode pairs with a pulse repeat
pattern of six pairs and is 185 mm long. The cell is gas tight
except for 2mm diameter ion entrance and exit apertures and
can be operated at pressures up to 1 mbar, the gas is supplied
by a 0-200 ml/min mass flow controller (Bronkhorst, Sawston,
UK). Travelling waves of up to 25V are used with velocities in
the range of 300-600 m/s.

2.1.2. Trap and transfer TWIG

The trap and transfer TWIGs consist of 33 electrode pairs
with RF applied and are 100 mm long. The final electrode on
the trap TWIG is dc-only and its voltage is modulated (typically
45 V with respect to the ion guide dc offset) to periodically gate
ions into the IMS. Both cells are enclosed but are not completely
gas tight; they share a common gas supply from a 0 to 10 ml/min
mass flow controller (Bronkhorst, Sawson, UK). Typically these
cells are operated at pressures in the low 10~2 mbar range. Gen-
erally no travelling wave is used in the trap TWIG, whereas the
transfer TWIG has a continually running 1-2V, 300 m/s wave
to ensure the mobility separation is maintained on transit to the
oa-ToF.
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Fig. 4. Tllustration of the operation of a TWIG for ion propulsion in the presence
of background gas.
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Fig. 5. Illustration of the mode of mobility acquisition on the Synapt instrument: (A) shows the ATDs of the four peptide mix, the five sequential acquisitions are 5 s

summations; (B) shows the ATD for the doubly charged ion of bradykinin (TWIMS:

2.2. Travelling wave ion mobility separation

The means of efficiently transporting ions through a SRIG
using a travelling voltage wave was outlined above, however, it
has been shown previously that use of elevated pressures in a
TWIG can result in ion species being unable to keep up with the
wave front as a result of increased drag [25]. As a consequence,
ion species periodically slip behind the waves but, on average,
are propelled in the direction that the wave is travelling. Ion
species of high mobility slip behind the waves less often than
species of low mobility and so are transported through the device
more quickly, thus mobility-based separation of ions occurs.

2.3. Ion mobility data acquisition

Recording the temporal arrival profile of ions is achieved by
synchronisation of the oa-ToF acquisition with the gated release
of ions from the trap TWIG into the TWIMS. Following the
gate pulse, the subsequent 200 orthogonal acceleration pushes
(mass spectra) of the ToF analyser are recorded, giving an overall
mobility recording time of 200 x fpp, where 1y, is the pusher
period. Following the next gated release of ions, a further 200
mass spectra are acquired and added to the corresponding spectra
from the previous acquisition. This process is repeated for a pre-
defined period and subsequently the 200 spectra are saved and
the next summation period begins.

2.4. Modes of operation

The geometry of the Synapt HDMS instrument, shown in
Figs. 1 and 2, enables various types of IM analyses to be under-
taken. Since the trap and transfer TWIGs operate at approxi-
mately standard collision cell pressures it is possible to fragment
ions in either or both of these regions enabling mobility sep-
aration of product ions, fragmentation of mobility-separated
precursor ions and fragmentation of mobility-separated product
ions. The latter example is essentially an MS? type experiment

7V pulse).

with the advantage that all first and second generation product
ions are recorded at the same time. Alternatively, through use of
lower collision energies in these regions, the mobility separation
of precursor ion species can be obtained. These types of analyses
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Fig. 6. (A) ATDs of the doubly charged ions of the four peptide mix sepa-
rated in the TWIMS. A, bradykinin; B, LHRH; C, substance P; D, bombesin

(TWIMS: 7V pulse). (B) ATDs of the doubly charged ions of the four-peptide
mix separated in the SRIG with axial field [19].
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can be performed on essentially all ion species generated form
the source by operating the quadrupole in RF-only mode, or can
be performed on mass-selected species with the quadrupole in
resolving mode. Some of these modes of operation are presented
below to illustrate the capability of the instrument.

2.5. Operating conditions

The instrument was operated in positive ion electrospray
mode and samples were infused using the built-in syringe drive.
The quadrupole was generally operated in RF-only mode for full
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Fig. 7. (A) ATD of the LHRH ions at m/z 1183 obtained using a dc drift tube (Bowers, unpublished data), where z denotes the oligomeric form: (zM + zH)**. (B)
Mass spectrum of LHRH obtained using the Synapt with no mobility separation. (C) ATD of the LHRH ions at m/z 1183 separated using the TWIMS. (D) Mass

spectra obtained from the labelled peaks in (C) (TWIMS: 8 V pulse).
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Fig. 7. (Continued ).

mobility spectra recording and the oa-ToF nominally at 10,000
resolution FWHM. The instrument control and data acquisition
software was based on MassLynx v4.1. Pressures were measured
in the trap, IMS and transfer TWIGs using active pirani gauges
(model APG-L, Edwards, Crawley, UK) calibrated against nitro-
gen.

In these studies an IMS pressure of 0.5mbar N, and a
trap/transfer pressure of 2 x 1072 mbar Ar were used unless
stated otherwise. The RF amplitude used on the trap, IMS and
transfer TWIGs was 300 V pk—pk and dc offsets were +20, +3
and 0V, respectively, with respect to ground. IMS travelling
wave velocities of 300 m/s were used unless stated otherwise,
the wave pulse heights are reported for each set of experiments
presented.

2.6. Sample preparation

Peptides used in the investigation were bradykinin, luteiniz-
ing hormone-releasing hormone (LHRH), substance P and
bombesin and these were analysed at a concentration of
200 fmol/pL in water:acetonitrile + 0.1% formic acid. The iso-
meric peptides Ser-Asp-Gly-Arg-Gly and Gly-Arg-Gly-Asp-
Ser were analysed at a concentration of 400fmol/pwL in
water:acetonitrile + 0.1% formic acid. LHRH was investigated
for aggregate formation at a concentration of 8 pmol/pL in
50:50 water:acetonitrile. Glu-Fibrinopeptide B was analysed
at 100 fmol/p.L in water:methanol + 0.1% formic acid. Proteins
used in the investigation were cytochrome c¢ (equine), myo-
globin, lysozyme and a-lactalbumin and were analysed at a
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concentration of 1 pmol/pL in water:acetonitrile + 0.1% formic
acid. A standard mixture of the tryptic digests of yeast alco-
hol dehydrogenase, rabbit glycogen phosphorylase b, bovine
serum albumin and yeast enolase was analysed sub-pmol/pL
level in water:acetonitrile + 0.1% formic acid. All samples, with
the exception of the digest (Waters MassPrep Digestion Stan-
dard Mix 2, Waters, Milford, USA), were purchased from
Sigma—Aldrich Company Limited (Poole, U.K.) and used with-
out further purification. All were introduced to the electrospray
source by direct infusion at a flow rate of 5 wL/min.

3. Results and discussion
3.1. Arrival time distributions

The recorded arrival time of an ion species at the detector fol-
lowing release at the gate is commonly referred to as the arrival
time distribution (ATD). Fig. 5(A) shows the ion mobility sepa-
ration of bradykinin, LHRH, substance P and bombesin for five
sequential acquisitions (each of 5s). Each mobility acquisition
is 200 ‘scans’ long and with a pusher period of 65 s this equates
to 13 ms. Fig. 5(B) is the extracted ATD of the doubly charged
bradykinin ion. From Fig. 5(B) an arrival time of 2.67 ms can
be calculated for this ion (scan number (41) x pusher period
(0.065 ms)). In all subsequent figures the x-axis has been con-
verted from scan number to milliseconds for clarity. No correc-
tions have been made in the displayed ATDs for the time taken
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Fig. 8. ATDs of the doubly charged ions of the isomeric species Ser-Asp-Gly-
Arg-Gly (SG) and Gly-Arg-Gly-Asp-Ser (GS) separated in the TWIMS with a
300 m/s wave and:(A) 0.5 mbar N, 5.5V pulse (B) 1.0 mbar Nj, 11V pulse.

for ions to be transferred from the exit of the IM cell to the ToF
analyser (< 0.5 ms).

3.2. Separation of peptides using ion mobility

3.2.1. Peptide mixture

The extracted ATDs of the doubly charged precursor ions
from the mixture of bradykinin, LHRH, substance P and
bombesin separated in the TWIMS are shown in Fig. 6(A). For
comparison, the separation obtained previously using a SRIG
with an axial dc field (13.2 V/cm over the 15.2 cm drift region)
in nitrogen gas at a pressure of around 2.5 mbar is shown in
Fig. 6(B) [19]. Whilst the character of the separation is the same
in both devices (correlating with previously determined colli-
sion cross-sections for these ion species [19,28]), the degree of
separation is greater in the TWIMS case, even though the cell
pressure is ~5 times lower than in the SRIG experiments. A
further interesting point is that whilst the arrival time data from
the SRIG system could be used to determine average collision
cross-sections for these species that were in good agreement
with the previous measurements [19], the TWIMS data indicate
adifferent arrival time and mobility relationship than the inverse
dependence observed in dc systems. An investigation into this
difference will be presented in a separate publication.

3.2.2. LHRH aggregation

The study of peptide aggregation processes forms an impor-
tant part of research into diseases such as Alzheimer’s, Parkin-
son’s and Huntington’s which are linked with misfolded protein
structures. The observation of peptide aggregates/oligomers by
ESI-MS is not uncommon and has been studied previously using
dc drift tube systems [14,29,30]. The potential of the TWIMS
for separation of such species has been demonstrated using
bradykinin [25] and is investigated further here.

Previous investigations of the singly charged protonated
LHRH at m/z 1183 using a dc drift tube [14] revealed multi-
ple features in the ATD which were believed to be due to the
presence of oligomers of the form (zM + zH)** (see Fig. 7(A)).
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Fig. 9. ATD of the fragment ions of the doubly charged precursor ion of Glu-
Fibrinopeptide B, showing the ATD of both the sum of the ion species (for a
20s acquisition) and the mass-selected normalised ATDs (m/z labelled) for the
more intense fragments (TWIMS: 600 m/s, 12V pulse).
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Fig. 10. Mass spectrum of the fragment ions of the doubly charged precursor ion of Glu-Fibrinopeptide B obtained by summing the all data from the ATD shown in

Fig. 9.

The mass spectrum obtained in the present study for LHRH
at around m/z 1183 without mobility separation is shown in
Fig. 7(B). It is apparent from this figure that more than just
singly charged species are present however it is not easy to say
with any confidence what the other components are. The ATD of
the ions around m/z 1183 obtained using the TWIMS is shown
in Fig. 7(C), the similarity with the drift tube data in 7(A) is
immediately apparent. The three main peaks have been labelled
z=1-3 corresponding to ion arrival times of 8.5, 4.8 and 3.5 ms,
respectively. The present instrument offers significant experi-
mental advantage over the previously used quadrupole-based
drift tube system in that, due to the use of the oa-ToF anal-
yser, full mass spectra can be obtained for each peak in the
ATD. Fig. 7(D) shows the mass spectra obtained from the three
labelled peaks in Fig. 7(C). The mass spectra clearly show the
presence of the singly charged monomer (z = 1) together with the
doubly charged dimer (z=2) and triply charged trimer (z=3).
On closer inspection of the ATD in Fig. 7(C), the presence of
peaks at shorter times than for the z = 3 species suggests that still
higher order multimers may be present, however, the weak sig-
nals precluded unambiguous confirmation in the mass spectra.

3.2.3. Mobility study of isomeric peptides

A particular useful feature of IMS is the capability to separate
isomeric species if they differ sufficiently in collision cross-
section. In order to establish the separation capability of the
TWIMS device a study of two isomeric peptides with sequence
Ser-Asp-Gly-Arg-Gly (SG) and Gly-Arg-Gly-Asp-Ser (GS) has
been carried out. A previous mobility study reported baseline
separation in the ATDs of the doubly charged precursor ions on a
high-resolution dc drift tube at atmospheric pressure [31]. From
these data a 5% difference in collision cross-section between the
two doubly charged isomeric ions was determined.

In the present study, each peptide was infused into the instru-
ment separately and the ATD recorded following separation in
the TWIMS. Fig. 8(A) shows the ATDs of the doubly charged
precursor ion at m/z 246 where the TWIMS was operated at
0.5mbar N, with a 5.5V/300m/s wave. From the ATDs the
drift time has been calculated to be 1.89 ms for [GS +2H]**
and 2.07 ms for the less mobile ion [SG+2H]**. These data

are in accord with the previous study where the [GS + 2H]** ion
was calculated to have a smaller cross-section than [SG + 2H]**,
although the resolution afforded by the TWIMS device is lower
than that of the high-resolution dc drift tube. To try and improve
the resolution of the TWIMS the gas pressure was raised to
1.0 mbar and the wave pulse height increased to 11 V. The resul-
tant ATDs for the two peptides are shown in Fig. 8(B) where
it can be seen that the increase in pressure has increased the
resolution by approximately 50%. Overall, whilst the resolution
of the TWIMS is not high, it does provide the potential to dis-
tinguish between these isomeric peptides that differ in collision
cross-section by only 5%.

3.2.4. Mobility separation of peptide fragments

As stated earlier, the geometry of the Synapt HDMS instru-
ment (see Figs. 1 and 2) enables ion species to be fragmented
on entry to the trap TWIG, such that the fragment ions are
accumulated prior to their mobility separation. For this study
100 fmol/p.L of Glu-Fibrinopeptide B (in 50:50 methanol:water
1% formic acid) was infused into the electrospray source at
5pL/min and the (M+2H)>* ion at m/z 785.6 selectively
transmitted through the quadrupole and fragmented in the Trap
TWIG through use of 30V injection voltage. Fig. 9 shows
both the ATDs of the sum of all the fragment ions over a
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Fig. 11. ATDs of the +12 charge states of lysozyme, cytochrome ¢ and myo-
globin obtained using the TWIMS (TWIMS: 7V pulse).
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Fig. 12. Mass spectrum of a mixture of a-lactalbumin (14,186 Da) and lysozyme (14,313 Da) illustrating the charge state distribution.

100-1500 m/z range and selected ATDs for the most intense
miz species for a 20's acquisition period. The associated mass
spectrum produced by combining all the mobility data in the
20 s acquisition is shown in Fig. 10. These data illustrate that it
is possible to obtain mobility separations using this instrument
with sample concentrations equivalent to those used in standard
MS applications. This is as a result of the combination of
ion accumulation prior to mobility separation and radial ion
confinement in the TWIMS device and provides a significant
increase in transmission over standard dc drift tubes.

3.3. Protein conformational studies

There is now considerable evidence that for many systems the
gas-phase conformation of ions studied by mass spectrometry
are closely related to the solution-phase structure. Pioneering
work by Last and Robinson [32] demonstrated “compelling
evidence for preservation of tertiary structure under controlled
conditions” using H/D exchange and, more recently, IM-MS
results obtained by Ruotolo et al. [26] indicate that multi-protein
complexes retain their liquid phase structure in the gas phase. A
review by Heck and Van Den Heuvel [33] describing the anal-
ysis of intact protein complexes by mass spectrometry strongly
supports this view. Perhaps the most compelling evidence is
the work by Cooks and co-workers [34,35] where ESI gener-
ated trypsin and lysozyme proteins ions were sampled into the
mass spectrometer and, using ‘soft-landing’ experiments, it was
subsequently demonstrated that the proteins had retained their
biological activity.

3.3.1. Lysozyme, cytochrome ¢ and myoglobin mobility
separation

Fig. 11 shows the ATDs for the +12 charge state of lysozyme
(14,313 Da), cytochrome ¢ (equine) (12,361 Da) and myoglobin

(16,951 Da) from the infusion of a 1 pmol/uL. mixture. Previ-
ous cross-section measurements [28,36] of the +12 charge state
for these proteins have indicated myoglobin to be the largest
and lysozyme the smallest. The TWIMS data are in accord with
these measurements. Good separation is achieved for the +12
charge states of these proteins; the lysozyme and cytochrome
¢ ATDs show little evidence for additional conformers, how-
ever, the myoglobin ATD shows the presence of a number of
additional conformers at shorter arrival times than the main
peak.

3.3.2. Lysozyme and a-lactalbumin mobility separation

The two proteins, a-lactalbumin (14,186 Da) and lysozyme
(14,313 Da) have a mass difference of approximately 1% and
have been studied previously using IM—MS [19]. The mass spec-
trum of a mixture of these proteins is given in Fig. 12 and shows
the formation of charge states from +7 to about +15 from the
presence of peaks over the m/z range 900-2044.

The ATDs for the same charge state ions of each protein are
similar, suggesting similar collision cross-sections, as can be
seen for the +9 and +12 species in Fig. 13(A). The +8 charge
state for each protein exists in two conformations as evidenced
by the double peaks in Fig. 13(B), and again the ATDs are similar
between the two proteins. The lower mobility peaks at around
3.2ms follow the increasing arrival time trend of the higher
charge states in Fig. 13(A), however, the other conformation
has a significantly higher mobility indicating a much reduced
collision cross-section. These types of observations have been
made on many occasions for protein species and are attributed to
the presence of both the more extended, denatured, form of the
protein, and the more compact, native, form [4,5,14,28,37-39].
A similar ATD profile is observed for the 7+ charge state of a-
lactalbumin, Fig. 13(C), where the conformer having the smaller
cross-section predominates (arrival time 2.4 ms), in keeping with
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Fig. 13. (A) ATDs of the +9 and +12 charge states of a-lactalbumin and
lysozyme; (B) ATDs of the +8 charge state of a-lactalbumin and lysozyme;
(C) ATDs of the +7 charge state of a-lactalbumin and lysozyme (TWIMS: 10 V
pulse).

previous observations [19]. The ATD for the 7+ charge state
of lysozyme, shown in Fig. 13(C), is, by inference from the
a-lactalbumin ATD, predominantly the more compact, higher
mobility conformation.

The data shown in Fig. 13 were obtained with relatively
low ion injection energies into the Argon-filled trap TWIG
(approx. 3 V injection). Fig. 14(A) shows the effect on the ATD
of increasing the injection energy into the trap TWIG for the
7+ charge state of a-lactalbumin. It is apparent that increas-
ing energy promotes rearrangement of the more compact con-
former to the structure of the lower mobility form. Again, this
type of behaviour with increasing ‘activation’ energy has been
observed previously for other protein species [4,5]. Interestingly,
significantly higher injection energy is required to promote re-
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Fig. 14. (A) ATDs illustrating the effect of ion injection energy on the different
conformations of the +7 charge state ion of a-lactalbumin (values shown are
injection voltages). (B) ATD illustrating the effect of ion injection energy on the
different conformations of the +7 charge state ion of lysozyme (TWIMS: 10 V
pulse).
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Fig. 15. A2D plotofion arrival time vs. m/z for a protein digest mixture obtained
using the TWIMS (TWIMS: 6 V pulse).
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Fig. 17. (A) Reduced m/z range view of the data from Fig. 16(A); (B) reduced m/z range view of the data from Fig. 16(B).

arrangement of the lysozyme 7+ conformer, as can be seen in
Fig. 14(B).

3.4. Protein digest study

The utility of ion mobility as an orthogonal separation tech-
nique to reduce mass spectral congestion is illustrated here
through the separation of a mixture of four tryptically digested
proteins. In Fig. 15, a plot of m/z versus arrival time for the elec-
trosprayed ions can be seen following separation in the TWIMS.
It is notable that the ions broadly fall into bands, which previous
work has shown [40,41] is as aresult of the different charge states
of the peptides present. Charge state, z, is an important factor in
determining the overall mobility of an ion species as is apparent
from Eq. (1). The largest difference in mobility occurs between
singly and the multiply charged species and is highlighted by the
diagonal line in Fig. 15. As such this indicates that for ions of the
same m/z value but different charge state, separation is possible.
Alternatively, at a given arrival time, the singly charged species

present will be of lower m/z value than the multiply charged
species, as can be seen in Fig. 16(A) for the mobility slice from
4.9 to 5.2 ms. By comparison with the non-mobility-separated
mass spectrum in Fig. 16(B) it can be seen that use of mobility
separation has significantly reduced the mass spectral complex-
ity, asis further illustrated in Fig. 17 where an expanded m/z view
from 610 to 625 of these data is shown. This utility alone has
significant potential in improving limits of detection for sam-
ples through effective background removal and is applicable to
any complex mixture where the ions of interest have different
mobility from the background ions.

4. Conclusion

In general the mobility separation characteristics of the
TWIMS device have been shown to be similar to drift tube
devices, which use a constant dc axial field to drive the separa-
tion, although the relationship between measured arrival times
and mobility is different from the drift tubes. Previous work has
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indicated that mobility calibration of the TWIMS is possible for
large protein complexes using species of known collision cross-
section [26]. This area requires further investigation for lower
miz species.

The utility of the instrument for investigating the conforma-
tional forms of multiply charged protein ions has been demon-
strated, along with the capability to probe the energetics behind
rearrangement of different conformers through use of collisional
activation. Whilst the resolving power of the TWIMS is not
as high as some drift tube systems, the separation capability
is valuable for reducing mass spectral complexity, as has been
shown for the a complex digest mixture where removal of singly
charged background facilitates detection of lower level multiply
charged peptide ions.

A particular advantage of the TWIMS device over most drift
tubes is that through use of ion accumulation and radial ion
confinement, the sensitivity of the mass spectrometer is not
compromised when operating in mobility mode, allowing inves-
tigations on analytically significant levels of sample.

Overall, the data presented here illustrate that the incorpo-
ration of a high transmission travelling wave-based ion mobil-
ity separator within a quadrupole/oa-Tof geometry instrument
shows significant promise for use in the characterisation of bio-
logical systems.
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