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Abstract. Ion mobility spectrometry-mass spec-
trometry (IMS-MS) has demonstrated the ability
to characterize structures of weakly-bound pep-
tide assemblies. However, these assemblies can
potentially dissociate during the IMS-MS mea-
surement if they undergo energetic ion-neutral
collisions. Here, we investigate the ability of
tandem-trapped ion mobility spectrometry-mass
spectrometry (TIMS-TIMS-MS) to retain weakly-
bound peptide assemblies. We assess ion

heating and dissociaton in the tandem-TIMS instrument using bradykinin and its assemblies as reference
systems. Our data indicate that non-covalent bradykinin assemblies are largely preserved in TIMS-TIMS under
carefully selected operating conditions. Importantly, we observe quadruply-charged bradykinin tetramers, which
attests to the Bsoftness^ of our instrument.
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Introduction

Macromolecular assemblies play crucial roles in many
biological processes [1]. Protein and peptide assemblies

in particular are often intermediates in disease pathogeneses
[2–4], for example, during formation of amyloid fibrils [5] or
viral capsids [6]. Ion mobility spectrometry-mass spectrometry
(IMS-MS) has demonstrated great utility to investigate these
assemblies by separating assembly states by differences in their
mass-to-charge ratios and conformations of the same assembly
state by differences in their ion mobilities K.

Moreover, the measured ion mobility K yields the momen-
tum transfer cross section of the ion [7, 8] according to
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where z is the charge of the analyte ion; T and N0 are the
temperature and reduced number density of the buffer gas; kB
is the Boltzmann constant; μ is the reduced mass of the ion-
neutral pair; and K0 is the reduced ion mobility, which is
trivially related to K [7]. These cross sections Ω are useful to
propose potential structures for the assembly by computational
approaches [9, 10].

Because IMS-MS detects ions in the gas phase, the structure
of protein systems detected by IMS will generally differ from
their biologically active solution structures. While it is now
established that Bsoft^ ion mobility spectrometry measure-
ments do not typically detect equilibrium gas phase structures
of protein systems [11–18], what is less clear is how closely the
detected ions resemble the native state present in solution. This
is a general question that applies to all biological species
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detected by IMS-MS, but relatively little is secured about how
structures of non-covalent assemblies change after exposure to
the gas phase environment. Obviously, the most drastic change
would be if assemblies dissociated into their subunits during
the course of the IMS-MS measurement.

Intuitively, the stronger the intermolecular interaction
between the assembly units, the less prone the assembly
is to dissociate during the IMS-MS measurement. Electro-
static interactions between moieties with permanent multi-
ple moments, such as charges (monopoles) or dipole mo-
ments, are among the strongest intermolecular interactions
[19]. Induction interactions, attractive forces between moi-
eties with permanent multipole moments and moieties that
are polarizable, can also lead to strong non-covalent inter-
actions [19]. It thus does not come as a surprise that the
general approach of using IMS-MS as a tool to study
structures of non-covalent assemblies can be traced back
to early work on ion-neutral clusters [20] or salts
nanocrystals [21]. Salts are held together by electrostatic
interactions between oppositely charged monopoles where-
as binding in ion neutral-complexes arises mainly from
electrostatic and induction forces between the charged ion
and permanent and/or induced multipole moments on the
neutral partner.

With the advent of Bsoft^ electrospray [22] and matrix-
assisted laser desorption ionization [23] methods, peptides
and proteins could be lifted gently into the gas phase and were
found to strongly bind to species with permanent multipole
moments such as metal cations [24] or water [25]. Simulta-
neously, several groups explored the ability to characterize
stoichiometry and/or the quaternary structure of protein com-
plexes by mass spectrometry [26–28]. While many of these
protein complexes are among the most strongly bound non-
covalent assemblies, even multiply-charged assemblies of the
small peptide bradykinin were found to be sufficiently stable in
the gas phase so that their cross sections could be measured by
ion mobility spectrometry [29]. The significance of these cross
section measurements for peptide and protein assembly sys-
tems arises from the fact that the relationship between the cross
section and the number of assembly units revealed the overall
topology of the assembly.

Moreover, cross sections measured by Bsoft^ IMS-MS in-
struments for assemblies of the intrinsically-disordered protein
α-synuclein implicated in Parkinson’s disease were shown to
strongly depend on the solution pH [30]. Such solution-
dependency of assembly structures detected by IMS indicated
that the assemblies did not have sufficient time and energy to
evolve into their equilibrium gas phase structure within the
time-scale of the measurement. Similar observations were
made for other peptides including islet amylin precursor protein
[9, 31] or amyloid-β [5]. Hence, the cross sections recorded for
these systems could be used to propose the mechanisms by
which these assemblies form in the solution. Moreover, IMS-
MS succeeded in characterizing structures of presumed toxic
intermediate assemblies of amyloid-β [5] and the conforma-
tional transitions of assemblies during formation of amyloid-

like fibrils of peptides [32] and amino acids [33], thus provid-
ing insight into how Alzheimer drug candidates modulate
amyloid assemblies [34].

The above considerations underscore that cross sections
measured by Bsoft^ ion mobility spectrometry methods [11]
are useful for characterizing structures and formation mecha-
nism of peptide assemblies in the solution phase. However, one
potential problem of these applications of IMS-MS is that the
assembly ions could dissociate if they become vibrationally
activated by energetic ion-neutral collisions during the IMS-
MS measurement. Such Bion heating^ processes are well-
known to occur in MS [35, 36] and, if not operated under
low-field conditions, in IMS instrumentation [37–39]. What
is less characterized, however, is how structures of non-
covalent assemblies change due to ion heating in post-IMS
instrument components. If assemblies remain intact throughout
the ion mobility experiment but dissociate afterwards, then the
measured ion mobility K0 corresponds to the intact assembly
while the mass m and charge z correspond to the dissociated
assembly units. Hence, if assemblies dissociate after ion mo-
bility separation, then cross sections calculated via Eq. (1) will
be incorrect and spurious ions appear as observed on traveling-
wave [40] or drift tube systems [41, 42].

We recently developed a tandem-trapped IMS (tandem-
TIMS) instrument [43] by coupling two trapped IMS (TIMS)
[44–47] devices. Tandem-TIMS has great potential for struc-
tural studies of biological assemblies because it enables
mobility-selective gating and activation of ions followed by
mobility analysis. However, tandem-TIMS is embedded in a
Qq-TOF mass spectrometer where activating ion-neutral colli-
sions can occur. Here, ions traverse several ion funnels with
intermediate pressure regimes, a hexapole ion guide, a quadru-
pole, and even a collision cell after separation in tandem-TIMS.
While we showed that TIMS [37] and tandem-TIMS [43]
devices can preserve native-like structures of the monomeric
protein ubiquitin if operated under sufficiently Bsoft^ condi-
tions, it remains unclear to what extent non-covalent assem-
blies of peptides are retained.

Here, we investigate under which operating conditions, and
to what extent non-covalent assemblies of peptides can be
characterized with TIMS-Qq-TOF and tandem-TIMS-Qq-
TOF instruments. To this end, we characterize ion heating
effects in post-tandem-TIMS instrument components using
the nonapeptide bradykinin. Bradykinin is a well-suited refer-
ence system for this purpose: activation parameters have been
reported for fragmentation pathways of several monomer
charge states [48, 49], with water-loss from the triply-charged
monomer being particularly active. Hence, bradykinin is a very
sensitive probe for ion heating. Further, oligomeric species
observed on the Bgentle^ drift tubes in the Clemmer [29] and
Bowers [50] groups are strongly consistent with each other,
suggesting that bradykinin is suitable as a reference system to
also probe retention of non-covalent peptide assemblies. While
we focus our discussion on our newly-developed tandem-
TIMS system, post-TIMS ion optics are identical to the
single-TIMS instruments and the results are thus comparable.
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Our analysis indicates that peptide assemblies can be retained
with a tandem-TIMS-Qq-TOF instrument if the tandem-TIMS
device as well as all post-tandem-TIMS components are opti-
mized to minimize the energy of ion-neutral collisions. In
particular, our data recorded under carefully optimized operat-
ing conditions unambiguously confirm the presence of long-
postulated quadruply-charged bradykinin tetramers [29]. Nev-
ertheless, we emphasize that energy barriers of assembly dis-
sociation pathways depend on the specific system investigated.
Therefore, when investigating less characterized assembly spe-
cies, we recommend that the analyst asserts that assemblies
remain intact throughout the entire measurement process using
the approach discussed here.

Experimental
Sample Preparation

High concentration electrospray tune mix (Agilent Technolo-
gies, Santa Clara, CA, composed of perfluorated
phosphazenes) was used as purchased. Bradykinin was pur-
chased from Sigma (St. Louis, MO). A 10 μM solution of
bradykinin in 50:50 water:methanol (LC/MS grade, Fisher
Scientific, Waltham, MA and Acros Organics, Pittsburgh,
PA) was prepared as described [50]. This solution was then
used for TIMS-MS and tandem-TIMS-MS analysis.

Tandem-TIMS Operation

Measurements were performed on TIMS-Qq-TOF and
tandem-TIMS-Qq-TOF instruments described elsewhere
[37, 43]. Schematics of the instruments are given in Fig-
ure 1 and Figure S5 (Supporting Information). Post-TIMS
ion optics are identical among the two instruments and the
results are comparable. For completeness, Section S2
(Supporting Information) shows data for bradykinin ob-
tained on the TIMS-Qq-TOF instrument. Samples were
directly infused into the electrospray ionization (ESI)
source operating in positive ion mode by a 250-μL gas
tight syringe (Hamilton, Franklin, MA) at a flow rate of
180 μL/h. The capillary voltage was set to 3.5 kV with an
end plate offset of 500 V. Nitrogen buffer gas was pro-
duced from a nitrogen generator (Peak Scientific, NM32-
LA-MS-230V). The temperature of the nitrogen
desolvation gas was set to 304 K and monitored at the
entrance of the resistive glass capillary by means of a
thermocouple element and a thermal imaging gun. Ions
produced from electrospray enter the tandem-TIMS ana-
lyzer through a resistive glass capillary and are deflected
into the entrance funnel of the first TIMS device (TIMS-1,
see Figure 1). Ions traverse an entrance funnel, TIMS
analyzer tunnel, and leave TIMS-1 through an exit funnel.
Subsequently, they traverse two apertures and enter the
second TIMS analyzer (TIMS-2). As reported, TIMS-2 is
dimensionally identical to TIMS-1, i.e., ions traverse an
entrance funnel, the TIMS-2 mobility analyzer, and leave

TIMS-2 through a second exit funnel. In the experiments
used here, the electric potential on the entrance of the
analyzer tunnel in TIMS-2 was ramped over a range of
70 V at a rate of 0.23 V/ms at a TOF pulse length of
0.316 ms. The amplitude of the rf-potentials were set to
225 Vpp (TIMS-1) and 250 Vpp (TIMS-2), respectively.
The bias between the hexapole and quadrupole was set to
5 V, and the bias between the quadrupole and collision cell
was 1 V. Other TIMS-TIMS settings were taken from
previous studies [37, 43] and are known to preserve
native-like structures of ubiquitin (Section S1.1,
Supporting Information). In particular, all measurements
were carried out in Bforward flow^ mode, i.e., with the
exit pressure of TIMS-1 larger than the entrance pressure
of TIMS-2 and with zero electric potential differences in
the interface between TIMS-1 and TIMS-2. Ions are thus
passively transported through the interface region as they
are only dragged from TIMS-1 into TIMS-2 by the flowing
gas.

Post-TIMS Operation

We varied the potential differences ΔΦ1 (between the TIMS-2
exit funnel and funnel F2; 0–5 V), ΔΦ2 (across funnel F2; 2–
8 V), and ΔΦ3 (between the exit of funnel F2 and the hexapole
ion guide; 1–11 V) to determine effects on transmitting and
preserving assemblies (see Table 1 and Table S1 in the
Supporting Information). The potential difference between
the hexapole and the analytical quadrupole was set to 5 V.
The potential difference between the quadrupole and collision
cell was kept at 1 V.

Ion Mobility Calibration

Ion mobilities and cross sections were calibrated as described
[44, 51, 52] using perfluorated phosphazenes contained in
Agilent ESI tuning mix (m/z 322, 622, 922, 1522, 2122).
Reduced ion mobilities (1.369, 1.016, 0.841, 0.642,
0.530 cm2/Vs for m/z 322, 622, 922, 1522, 2122, respectively)
were taken from a previous report [52] based on the cross
sections reported by Stow et al. [53]. Notice that each spectrum
was calibrated immediately after acquisition under identical
operating settings.

Results and Discussion
General Remarks on Ion Heating in Post-TIMS Ion
Optics

If intact assemblies elute from the tandem-TIMS device, they
traverse several instrument components before they arrive at
the TOF mass analyzer (Figure 1). As the assembly ions
traverse these instrument components, they could gain internal
energy (Bion heating^) and dissociate.We expect ion heating to
occur primarily in the TIMS-hexapole interface (see inset
Figure 1) and in the collision cell due to the pressures and
applied electric fields. In the TIMS-hexapole interface, the
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pressure drops from the TIMS-2 exit funnel (~ 0.5–2 mbar) to
funnel F2 (~ 0.05 mbar) and the hexapole (~ 5·10−4 mbar). The
mean-free-path between the buffer gas particles thus increases
from about 100 μm (0.5 mbar) to ~ 1 mm (0.05 mbar) and ~
10 cm (5·10−4 mbar). Additionally, electric potentials are ap-
plied over short distances (~ 2–20 mm) which means that even
small voltage differences correspond to high electric fields.
Consequently, ions may be accelerated to high velocities in
this instrument region and dissociate due to energetic collisions
with gas particles.

Once an assembly ion exits tandem-TIMS, then the mobility
of the ion corresponds to the intact assembly regardless of
whether or not the assembly remains intact until it reaches the
detector. Thus, if assemblies dissociate in any of the post-TIMS
components, then the detected (dissociated) ions have a differ-
ent mass and/or charge than the precursor assembly. Thus,
cross sections calculated via Eq. (1) will be incorrect, because
the mobility corresponds to the intact assembly but the mass
and charge correspond to the detected (dissociated) ions. Con-
sequently, the ions will be detected as spurious ions as

discussed [40–42] and lead to errors in the assembly formation
mechanism.

Ion Heating in the TIMS-Hexapole Interface

A reference system well-suited to characterize ion heating is
bradykinin, a nonapeptide with amino acid sequence
RPPGFSPFR. Bradykinin monomer ions produced from
electrospray ionization are typically charge states 1+ to 3+
(m/z 1061, 531, 354) [29, 48–50, 54]. Charge state 3+ in
particular is highly sensitive to collisional-activation because
of a water-loss pathway with a low activation barrier [48, 49].
Hence, we can probe the extent of collisional-activation in
post-TIMS components by assessing the activity of these
low-energy fragmentation pathways. Additionally, multiply-
charged bradykinin assemblies were reported by IMS-MS
[29, 50]. Most dominant were doubly-charged dimers (n/z
2/2) and triply-charged trimers (n/z 3/3) for m/z 1061, but ion
mobility suggests presence of even quadruply-charged brady-
kinin tetramers [29]. Moreover, triply-charged bradykinin di-
mers (n/z 2/3; m/z 707) were observed by IMS-MS [29, 50].
Because these reports show that the abundances of these as-
semblies do not depend strongly on the ion mobility instru-
mentation or on the ion sources used, these species appear well
suited to assess the ability of IMS-MS instrumentation to retain
intact peptide assemblies.

We record bradykinin mass spectra for different voltages
ΔΦ1, ΔΦ2, and ΔΦ3 (see Table S1 and Figure S1, Supporting
Information). The doubly-charged monomer m/z 531 domi-
nates the mass spectrum when collisions in the TIMS-
hexapole interface are most energetic (Figure 2a). But the
spectrum essentially lacks m/z 707 (triply charged dimer, n/z

Figure 1. Tandem-TIMS-Qq-TOF instrument. Ions are generated by ESI and traverse a transfer capillary before entering TIMS-
TIMS. Once ions are eluted from TIMS-TIMS, they traverse several ion funnels, a hexapole ion guide, a quadrupole, and a collision
cell before reaching the TOF mass analyzer for detection (Ion lenses used to focus ions prior entering the quadrupole and TOF
devices are shaded.) Energetic ion-neutral collisions in post-TIMS components can take place primarily in the TIMS–hexapole
interface, where the pressure changes gradually from intermediate pressures (~ 0.5–2 mbar) to ~ 10−4 mbar, and in the collision cell
(shaded in red). If intact dimers are produced from ESI and remain intact throughout the ion mobility measurement then the
measured mobility corresponds to the mobility of the dimer, K0,dimer. If these dimers dissociate into monomers after the ion mobility
measurement (for example in the shaded regions), then ionswill be detected with themass and charge of themonomers but with the
mobility of the dimer. Consequently, cross sections calculated via Eq. (1) will suggest presence of spurious ions

Table 1. TIMS-TIMS dc Voltages Applied in the TIMS-Hexapole Region (see
Figure 1)

Potential differences (V)

Setting Δɸ1 Δɸ2 Δɸ3

A 0 2 1
B 5 2 1
C 5 5 1
D 5 8 1
E 5 8 6
F 5 8 11

S. R. Kirk et al.: Preserving Peptide Assemblies in TIMS-TIMS-MS 1207



2/3) and m/z 354 (triply charged monomer, n/z 1/3) observed
by others [29, 48, 50].

The presence of m/z 348, which is a triply charged ion that
corresponds to [m/z 354-H2O], indicates that m/z 354 is
collisionally-energized and dissociates by loss of water. Notice
that the arrival time distribution of m/z 348 is identical to m/z
354 obtained at low voltages (Figure 2b). This indicates that
m/z 354 loses water to form m/z 348 after ion mobility separa-
tion. Further, m/z 348 increases, while m/z 354 decreases, in
abundance as we increase the collision energy in the TIMS-
hexapole interface (Figure 2c). This indicates that the loss of
water fromm/z 354 occurs in the TIMS-hexapole interface. We
draw two conclusions from our observations. First, energetic
collisions in the TIMS-hexapole interface sufficiently energize
m/z 354 to activate its water-loss pathway. Second, low-energy
collisions reduce ion heating to the extent that even this highly
reactive water-loss pathway is rendered inactive. Notice that
the mass spectrum recorded under low-energy collisions in the
TIMS-hexapole interface (Figure 2d) reveals all bradykinin
species discussed by Bowers and Clemmer (though m/z 531
predominates) [29, 50]. What is particularly important is that
these operating conditions are gentle enough to essentially
deactivate the low-energy water-loss pathway from the triply-
charged monomer.

We now investigate if bradykinin assemblies are preserved
in the tandem-TIMS analyzer and post-TIMS components.
Figure 3 shows tandem-TIMS spectra recorded for m/z 1061
under high- and low-energy collisions in the TIMS-hexapole
interface (see Figure S2, Supporting Information, for more
details). The spectrum recorded for the most energetic colli-
sions shows several singly-charged features (ta ≈ 211 ms,
240 ms, 250–263 ms, 267 ms with reduced ion mobilities
K0 ≈ 0.65, 0.83, 0.95–1.04, and 1.15 cm2/Vs, respectively).
This spectrum would thus imply that bradykinin exists in
distinct monomer conformations with cross sections ranging
from 177 Å2 (ta ≈ 267 ms) to 318 Å2 (ta ≈ 211 ms). We note
two caveats in these data. First, Bowers [50] and Clemmer [29]
unambiguously report doubly-charged dimers (n/z 2/2) and
triply-charged trimers (n/z 3/3) for m/z 1061, and Clemmer’s
data even indicate presence of a quadruply charged tetramer
[29]. By contrast, Figure 3a exclusively shows singly-charged
monomers. Second, a cross section of 177 Å2 (nitrogen buffer
gas) is unrealistically small for bradykinin, which contains nine
residues including arginines and prolines with bulky side
chains. As a comparison, even tetraglycine with only four,
tightly folded glycine residues has a cross section of 153 Å2

in nitrogen [55].Moreover, as we reduce the collision energy in
the TIMS-hexapole interface, the peaks in the m/z 1061 spec-
trum retain their ion mobilities but their charge states change
(Figure 3b).

Figure 4 compares the isotopic patterns for the various
features present in the Bsoft^ m/z 1061 spectrum (Figure 3b)
to the isotopic patterns calculated for bradykinin dimers (n/z
2/2), trimers (n/z 3/3), and tetramers (n/z 4/4). The peak posi-
tions and relative abundances of the experimental mass spectra
closely agree with the simulated spectra (Figure 4b–d). Note

that the adjacent n/z 3/3 trimer and 4/4 tetramer peaks are not
baseline-separated in the TIMS device (Figure 4a), which
likely causes the slight deviation between the experimental
and simulated isotopic patterns for n/z 4/4 (Figure 4d). Overall,
however, the experimental and simulated isotopic patterns
agree closely. Thus, Figure 4 reveals presence of a doubly-
charged dimer n/z 2/2 (ta ~ 240 ms, 491 Å2), a triply charged
trimer n/z 3/3 (ta ~ 253 ms, 643 Å2) and a quadruply-charged
tetramer n/z 4/4 (ta ~ 260, 782 Å2) in addition to a singly-
charged monomer (ta ~ 211 ms, 318 Å2) and the spurious peak
at ta ~ 267 ms. This Bsoft^ TIMS spectrum now qualitatively
agrees with those reported by Bowers [50] and Clemmer [29],
except for the spurious ion.

We rationalize our observations as follows. Bradykinin
assemblies are formed by ESI; they remain intact during ion
mobility separation in tandem-TIMS; and they then enter the
TIMS-hexapole interface. If the assemblies undergo energetic
collisions with buffer gas particles in this region, they gain
sufficient vibrational energy to dissociate into singly-charged
monomer ions (Figure 3a). These are then detected by the mass
analyzer at the arrival time given by the mobility of the intact
precursor assembly. Nonetheless, low-energy collisions in the
TIMS-hexapole interface sufficiently reduce heating and pre-
vent dissociation of the assemblies (Figure 3b). Note also that
we are the first to unambiguously confirm the long-postulated
[29] presence of a bradykinin tetramer by an isotopic distribu-
tion (Figure 4), which underscores the ability to retain assem-
blies in our tandem-TIMS-Qq-TOF instrument. The data fur-
ther show that presence of the spurious monomer ion is largely
independent of the collision-energy in the TIMS-hexapole
interface.

Ion Heating in the Collision Cell

The preceding discussion showed that we observed a spurious,
highly compact spurious monomer for m/z 1061 (1.15 cm2/Vs,
Figure 3b). Presence of this spurious ion was largely indepen-
dent of the collision energy in the TIMS-hexapole interface,
and persistent even under conditions that retained the quadru-
ply charged tetramer n/z 4/4. The spurious ion vanishes, how-
ever, when we select m/z 1061 in the quadrupole (Figure 5e).
This observation shows that the spurious ion does not exist
prior to the quadrupole. Our data also show that this ion
vanishes when we turn off the collision gas, and thus prevent
energetic ion-neutral collisions, in the collision cell (Figure S3,
Supporting Information). These observations suggest that the
spurious ion is produced by dissociation of a different m/z in
the collision cell, instead of in the TIMS-hexapole interface or
the pusher region of the time-of-flight mass analyzer.

To identify the precursor of the spurious ion, we select m/z
707, m/z 531, and m/z 354 in the quadrupole (Figure S4,
Supporting Information) and probe if these ions dissociate in
the collision cell. Fragment ions are not observed for m/z 531.
Water-loss is the only fragmentation pathway active for m/z
354, the activity of which is however negligible under the
conditions used here. By contrast, m/z 707 dissociates into
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m/z 1061 andm/z 531. Further, the arrival time (ta ~ 268 ms) of
them/z 1061 fragment ion generated fromm/z 707 corresponds
well to the spurious monomer ion in the m/z 1061 spectrum (ta
~ 267 ms, see Figure 5a and e). The data thus indicate that the
spurious species in the m/z 1061 spectrum is produced from
fragmentation ofm/z 707 (triply charged dimer) in the collision
cell.

Nevertheless, quadrupole selection experiments of all bra-
dykinin species (m/z 354, 531, 707, 1061, Figure 5b–e) show
that the only spurious peak produced in the collision cell is the
discussed spurious monomer in the m/z 1061 spectrum. More-
over, previously reported drift tube cross sections for bradyki-
nin m/z 531 (348 Å2 and 344 Å2) [55, 56] agree well with ours
(349 Å2 and 344 Å2, Figure 5; see also Table S2). Note that
cross sections for m/z 354 are consistent with those reported by
Park [51], and the spectra agree overall with those reported by
Russell & Clemmer [54] and Bowers [50]. Furthermore, if
desired, the collision energy in the collision cell can be further
reduced by replacing the nitrogen collision gas with helium
gas. These observations are not consistent with the idea that the
bradykinin species observed in all these instruments arise from
particularities during the electrospray process and/or the instru-
ment components.

We are intrigued by the finding that our ion mobility spectra
for the different bradykinin assemblies are highly consistent
with those reported by Clemmer [29] and Bowers [50]. Intui-
tively, one might expect that the bradykinin assemblies may
not be present in solution and that they are formed during the
electrospray process. Hence, one might expect that the degree
of oligomer formation depends on a number of experimental
conditions including the electrospray ionization source (such as
droplet size or electrospray voltage) or sample concentration.
However, the experimental data (Figure 5) show that the

bradykinin assembly species do not strongly depend on the
experimental conditions of the IMS-MS measurements.
Bowers and Clemmer both observe the same assembly species
as we do with the main difference being that the relative
abundances differ. Cross sections, even the relative abundances
of multimeric to monomeric species in the m/z 1061 ion mo-
bility spectrum, are overall consistent among the various

Figure 2. Dissociation of bradykinin species for different activation voltages in the TIMS-hexapole interface. (a) Mass spectrum
recorded under energetic collisions in the TIMS-hexapole interface. Abundance of m/z 354 (triply-charged monomer) is negligible
whereas m/z 348 is present. (b) Ion mobility spectrum of m/z 348 is identical to m/z 354 recorded under low-voltage settings. This
suggests that m/z 348 is produced by water-loss from m/z 354 in post-TIMS instrument components. (c) m/z 348 increases, while
m/z 354 decreases, in abundance as the collision energy in the TIMS-hexapole interface is increased. This provides further evidence
thatm/z 348 is produced by water-loss fromm/z 354 in post-TIMS instrument components. (d) The mass spectrum recorded under
low-energy collisions shows bradykinin species m/z 354, 531, 707, 1061, albeit only minor abundance of m/z 707 (triply-charged
dimer)

Figure 3. TIMS spectra recorded form/z 1061 under high- and
low-energy collisions in the TIMS-hexapole interface. (a) Exclu-
sively singly-charged monomers are observed for m/z 1061
under energetic collisions in the TIMS-hexapole interface. (b)
Under low-energy collisions, the charge states change and
reveal dimers, trimers, and tetramers. A spurious ion visible as
a highly compact monomer with a reduced ion mobility K0 ≈
1.15 cm2/Vs is still observed. (Note that small variations in the
arrival times of the observed species are caused by small
pressure fluctuations but that the ion mobilities of the species
do not change)
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instruments. Indeed, our tandem-TIMS-Qq-TOF instrument,
which differs from the Bowers’ and Clemmer instruments in
a number of aspects, even confirms the presence of a quadruply
charged tetramer that was previously proposed by Clemmer
[29]. These observations are not consistent with the idea that
the bradykinin species observed in all these instruments arise
from particularities of the electrospray process and/or the

instrument operating components. In this regard, we note that
Woods and Schultz previously discussed that non-covalent
assemblies of small peptides may have functional biological
relevance [42, 57].

We draw three conclusions from our measurements: (1)
Bradykinin assemblies are preserved during ion mobility sep-
aration in a tandem-TIMS device when operated under Bsoft^

Figure 4. Isotopic patterns for various regions inm/z 1061 ATD recorded under low-energy collisions (setting BB^). (a) ATD form/z
1061 withoutm/z-selection under low-energy setting BB.^ Peak positions used for extraction of isotopic pattern analysis for them/z
1061 ATD are indicated. The apparentmonomer feature visible at ta ~ 267 is a spurious ion coming from fragmentation of the 2BK/+3
dimer atm/z 707. For details, see Table S2 and Figure S2. (b) Extracted isotopic pattern for the peak at ta ~ 240 ms agrees strongly
with the calculated isotopic pattern for a double-charged bradykinin dimer. (c) Extracted isotopic pattern for the peak at ta ~ 253 ms
agrees strongly with the calculated isotopic pattern for a triply-charged bradykinin trimer. (d) Extracted isotopic pattern for the peak
at ta ~ 260 ms agrees strongly with the calculated isotopic pattern for a quadruply-charged bradykinin tetramer. (The sharp peak ~
211 ms corresponds to the bradykinin monomer)

Figure 5. TIMS spectra for various bradykinin species under low-energy collisions in the TIMS-hexapole interface. (a) Arrival time
distributions observed for m/z 1061 and m/z 531 produced by fragmentation of m/z 707 in the collision cell. (b–e) Arrival time
distributions measured for bradykinin species m/z 354, m/z 531, m/z 707, m/z 1061 without quadrupole selection (red trace) are
compared to arrival time distributions recorded after m/z selection in the quadrupole (black trace). Differences between the traces
reveal ions that are produced in the collision cell. The comparison reveals that, under the conditions used, the only spurious ion
created by fragmentation of a bradykinin species in post-TIMS instrument components is the artifact ion apparent as a highly
compact monomer ion in the m/z 1061 spectrum (e, asterisk)
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conditions; (2) Bradykinin assemblies dissociate after elution
from tandem-TIMS if they undergo energetic ion-neutral col-
lisions; and (3) Minimizing the ion-neutral collision energy in
post-TIMS components largely prevents fragmentation of bra-
dykinin assemblies.

Summary and Conclusions
Our objective here was to determine how non-covalent peptide
assemblies can be retained in a tandem-TIMS-Qq-TOF instru-
ment. Basic considerations suggest that assemblies eluted from
tandem-TIMS can undergo energetic collisions and dissociate
in the TIMS-hexapole interface and in the collision cell. We
demonstrated that assemblies of the nonapeptide bradykinin
are largely retained after minimizing the ion-neutral collision
energy in the TIMS-hexapole region and the collision cell. We
unambiguously confirmed a bradykinin tetramer, which attests
to the ability of retaining non-covalent assemblies throughout
the tandem-TIMS-Qq-TOF instrument when carefully operat-
ed. We conclude that tandem-TIMS-Qq-TOF instruments are
useful to study non-covalent peptide assemblies if both the
tandem-TIMS device and post-TIMS ion optics are carefully
optimized to minimize the energy of ion-neutral collisions.
Nevertheless, we emphasize that energy barriers of assembly
dissociation pathways depend on the specific system investi-
gated. Therefore, when investigating less characterized assem-
bly species, we recommend that the analyst asserts that assem-
blies remain intact throughout the entire measurement process
using the approach discussed here.
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