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Abstract. In the context of native mass spectrometry, the development of gas-phase
structural probes sensitive to the different levels of structuration of biomolecular
assemblies is necessary to push forward conformational studies. In this paper, we
provide the first example of the combination of ion mobility (IM) and Förster reso-
nance energy transfer (FRET) measurements within the same experimental setup.
The possibility to obtain mass- and mobility-resolved FRET measurements is dem-
onstrated on amodel peptide and applied tomonitor the collision-induced unfolding of
ubiquitin.
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Introduction

With the development of native mass spectrometry, the
possibility of preserving not only the native stoichiom-

etry of biomolecular complexes, but also their three-
dimensional (3D) structure has arisen. Taking advantage of
the specificity of mass spectrometry to study the structure of
molecular species with a well-defined composition appears as
an appealing perspective [1]. This is especially true when
dealing with mixtures where different molecular species coex-
ist and interconvert, following complex equilibria, e.g., for
protein aggregation processes. Unfortunately, only few exper-
imental techniques are available to probe directly in the gas
phase the structure of complex molecular systems like proteins
or protein complexes. Ion mobility spectrometry (IMS) has
become one of the most commonly used techniques. It has
been applied to unravel the structure of small peptides, pro-
teins, and oligonucleotides [2–8], and their complexes with

metals, ligands, or other proteins [9–14], up to large non-
covalent complexes [15, 16]. IMS has the major advantage to
be readily compatible with MS, and virtually not limited by the
size of the investigated systems. In turn, the main drawback of
the technique is its relatively poor structural resolution and,
more importantly, the intrinsically ambiguous information it
provides. From a structural biology point of view, the
orientation-averaged collision cross-sections (CCS) measured
by IMS are a rough measure of the surface-to-charge ratio of a
molecule, and they do not allow in general to determine a
structure. They can at most be used to validate or reject pro-
posed model structures, e.g., from simulations. Yet, this possi-
bility is highly valuable to establish the global architecture of a
supramolecular assembly [16], or to probe the growth process
of biomolecular aggregates [14]. However, more detailed in-
sight on the local structuration of such large complexes would
be a useful complement.

Several attempts have been made to unravel biomolecular
structure based on a combination of IMS data and results from
other structure-sensitive techniques, often based on spectros-
copy [17–28]. One of the most powerful methods to measure
local distances in molecular assemblies relies on the distance-
dependence of Forster resonance energy transfer (FRET) [29,
30]. The possibility to determine FRET efficiencies and to
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interpret those in terms of distances has recently been demon-
strated in the gas phase for both peptide and proteins, evi-
denced by either fluorescence detection [31–33] or by obser-
vation of specific photofragmentation [34–36]. An advantage
of FRET-based methods is that the mechanism by which these
operate are the same in both solution and gas phases, providing
a method by which the conformational ensembles in the two
media may be linked directly. However, FRET measurements
give a single value for the FRET efficiency, which is an
average of the FRET efficiencies of all molecules present.
Although ensemble FRET efficiency measurements are capa-
ble of detecting changes in structure, it is difficult to obtain
information on the relative population of different conforma-
tional families. In the condensed phase, this problem is over-
come using single-molecule spectroscopic methods [37]. Sin-
gle proteins are interrogated to obtain a FRET efficiency, and a
picture of the conformational landscape can be built by repeat-
ing the measurements for many single proteins.

Despite recent progresses for single-ion detection in MS
[38–40], such a single molecule approach seems to be difficult
to transfer to the gas phase yet. However, IMS provides a
method for separating proteins by their conformation, and
when combined with FRET can provide a method for probing
the FRET efficiency in different conformational families. This
synergy of IMS and FRET is particularly attractive since the
two methods are sensitive to different aspects of structure; IMS
is sensitive to the global structure, whilst FRET to changes of a
particular distance. In this paper, we present the first example
of the combination of IMS and FRET to perform ion mobility-
resolved FRET measurements.

Experimental
The setup used for the experiments is sketched on Scheme 1,
and described in details elsewhere in Ref [41]. It uses a home-
made dual drift tube ion mobility spectrometer, coupled to a
Maxis Impact quadrupole-time-of-flight mass spectrometer
(Bruker, Bremen, Germany). Only the second drift tube section
of the instrument was used in the frame of this work. Ions from
the electrospray source travel through tube 1. They are focused
and stored in a dual ion funnel before injection in a 79 cm drift
tube filled with helium at a constant pressure of 4 Torr at room
temperature. Under the electric field produced by a 450 V drop
across the tube, the ions are conveyed to the transfer optics of
the Q-TOF at a constant velocity vD depending on their mobil-
ity K, and on the electric field E[42]:

vD ¼ KE ð1Þ

The settings of the transfer optics following the drift tube
(namely, a series of ion funnels, a stacked-ring ion guide, and
the original optics of the mass spectrometer comprising an
octopole ion guide, a quadrupole mass filter, a quadrupole-
based collision cell, and several electrostatic lenses) have been
optimized to ensure for efficient ion transfer while minimizing

potential trapping by the different radiofrequency (rf) fields
applied on their path. To this end, the amplitude of the rf
voltages was kept below 100 Vp-p and sufficient DC gradients
(>1 V.cm–1) were applied all through the path. Using these
settings, no significant broadening of the ion packet is observed
after the IMS separation, as shown by the width of the IMS
arrival time distributions (ATDs). Upon measurement on the
detector of ions arrival time, it is possible to determine exactly
their position in the transfer optics as a function of their injec-
tion time in the drift tube.

We take advantage of the latter fact to selectively irradiate
ions associated to a chosen arrival time. To this end, the ion
gate for injection in the drift tube has been synchronized with
the pulsed laser used for irradiation. We used a tunable OPO
nanosecond laser (Horizon I, Continuum) operating at 10 Hz
and with 5 ns pulse width. Synchronization was achieved by
trigging both the OPO and the injection voltages by an external
delay generator (SRS DG645) set at 10 Hz. A time diagram is
presented on Scheme 1. First comes the trigger of the ion gate:
mobility separation starts. Then, after a controllable delay
(tlaser), the OPO is triggered (first the flash lamps and 190 μs
later the Q-switch). The TOF pusher is also synchronized on
the injection gate to allow recording mass spectra as a function
of ion arrival time (see Ref [41]). At the end of each measure-
ment cycle, the rf in the collision cell and in the different rf-
based storing devices are turned off for 2 ms in order to prevent
ions from being trapped over several cycles. Based on this
rather simple trigger setup, the relative delay between the
injection of the ions in the drift tube and a laser shot can be
precisely controlled.

The laser beam is tightly focused and injected in the time-of-
flight chamber through a fused silica window and reflected by a
45° mirror through a 1.5 mm hole in the on-axis detector of the
instrument, on-axis of the collision cell. Following this scheme,
when the laser shot is released, only the ions present in the
collision cell are efficiently irradiated.

This can be illustrated by the ATDs in Figure 1 obtained for
QSY7 maleimide singly charged ions with or without irradia-
tion at λA = 545 nm (1.8 mJ per pulse). The laser ON and OFF
spectra were obtained by accumulating alternatively series of
50 IM-MS spectra with a software controlled electromechani-
cal shutter, respectively opened and closed. The dip visible in
the laser ON ATD corresponds to the depletion of the QSY7
population after laser irradiation at a delay tlaser = 37.8 ms. The
laser pulses are about 5 ns wide, which is very short relative to
the IMS time bins (200 μs in Figure 1). It is also important to
note that after irradiation, the ions reach the detector in a very
short time (<100 μs in this case) compared with the IMS
timescales. The depletion then affects only one bin in the
arrival time dimension. This demonstrates the time selectivity
of the procedure, further illustrated by the arrival time profile of
the photo-fragment ions (at m/z 360 and 465) that perfectly
correlates with the depletion of the parent. The advantage of the
present procedure is that it relies on a simple synchronization
scheme. In particular, it does not require the application of
additional pulsed voltages for ion selection, which could cause
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significant loss of sensitivity and potentially unwanted post-
separation activation.

The power dependence of the depletion was investigated by
varying the laser flux (see Supplementary Material Figure S1).
The magnitude Δ of the depletion was calculated from the
change in intensity in the arrival time range where depletion
is observed region with:

Δ ¼ IOFF−ION
IOFF

ð2Þ

where ION and IOFF are the ion intensities with and without
irradiation, respectively.

After an onset at about 1 mJ/pulse, Δ displays an increase
with pulse energy. Finally, saturation is observed above 2.8 mJ/
pulse. Such behavior is expected because of the multiphoton
process responsible for the fragmentation induced by FRET
[43].

Results and Discussion
Introducing BHole-Burning^ IMS-Resolved FRET
Measurements

Based on the preliminary results on QSY7 ions, the possibility
to relate the magnitude of the depletion in an ATD to a FRET
efficiency has been assessed. We used a pair of chromophores
previously identified as suitable for action-spectroscopy FRET
measurements [35]: Atto 520 maleimide (donor, D) and QSY7
C5 maleimide (acceptor, A). These chromophores were grafted
on a short model peptide of sequence Ace-CAAKAAC-NH2,
where the cysteine residues serve as anchors for the chromo-
phores. The solutions prepared following the protocol de-
scribed in the Supplementary Information section were directly
sprayed in the positive ESI mode.

Different species were observed corresponding to different
grafting schemes (see mass spectra in Supplementary
Figure S2). Namely, the peptide can either bear one copy of
each chromophore, (further denoted DA), or twice the same
chromophore, which can be Atto 520, (denoted DD), or QSY7
(denoted AA). Few untagged or singly tagged peptide ions are
also detected. In the following, we focus on the most abundant
species of the different kinds, which are the triply charged

Scheme 1. (a) Sketch of the experimental setup. (b) Typical timing scheme for IMS-FRET experiments

S. Daly et al.: IMS-Resolved Action-FRET 135



AA3+ (m/z 552.27), DD3+ (m/z 774.30), and DA3+ (m/z
663.29). The predominance of these triply charged, protonated
ions can be explained by the presence of the lysine residue, and
the permanent charges borne by each of the chromophores.

The arrival time distributions recorded for these three spe-
cies can be seen as the black curves in Figure 2. AA3+ exhibits a
single conformation, whilst DD3+ and DA3+ are bimodal. For
DA3+ this is likely to represent the two isobaric tagged species
(D on CYS1 and A on CYS7, or the reverse), which should be
produced in comparable amounts from the grafting procedure.
Conversely, the two peaks in the DD3+ ATD, a priori represent
different peptide conformations.

Owing to the small size of the investigated systems, the
chromophores are forced into relatively short separations and
FRET is expected to be extremely efficient in all cases. Our
goal here is only to assess the possibility to detect FRET by
monitoring depletion in the ATDs. To this end, based on the
previously developed action-FRET procedure [34], it is neces-
sary to show that at the absorption maximum of the donor
chromophore (λD = 495 nm), depletion is only observed when
an acceptor chromophore is present close by.

The red curves in Figure 2 show the arrival time distributions
measured under laser irradiation at λD. In each case, the laser
delay was adjusted to irradiate the maximum of the shorter drift
time peak (the same trends are observed when irradiating the
longer drift time peaks). Moreover, the selected species were
mass selected after IMS separation and prior to irradiation using
the quadrupole mass filter placed before the collision cell. For
DD3+ and AA3+ only a small depletion is visible, indicating that

photo-fragmentation of these species is not efficient when irradi-
ating at λD. In contrast, the ATD for DA3+ displays a strong
depletion. The low depletion of the DD3+ signal meets the
condition that the donor chromophore alone should not yield
efficient fragmentation when irradiated in its absorption band.
The observed ATD for AA3+ provides a control of the low
fragmentation efficiency of the acceptor chromophore at the
excitation wavelength. Finally, the fact that the ATD of DA3+

displays a marked change upon irradiation shows that when the
two chromophores are in contact, FRET occurs and fragmenta-
tion of the acceptor is observed after excitation of the donor.

Assessing the Distance-Dependence
of the Measurement

The latter observations completely fulfil the above-stated re-
quirements for the detection of FRET by the proposed Bhole-
burning^ procedure. To evaluate the distance sensitivity of our
procedure, we used a more massive and flexible system: ubiq-
uitin. The same variant of ubiquitin, modified to include

Figure 2. Arrival time distributions with laser off (black) and
laser on (red) for doubly tagged ace-CAAKAAC-NH2 with two
donor chromophores (a), one donor and one acceptor chromo-
phore (b), and two acceptor chromophores (c), all in the 3+
charge state. The arrows indicate the position of the laser pulse,
which was of wave length 495 nm and pulse energy 0.8 mJ

Figure 1. (a) Arrival time distributions for QSY7 with no laser
(black), laser with a delay of 38.7 ms and pulse energy 1.8 mJ
(red), and photofragments of QSY7 (green); (b) mass spectrum
of quadrupole selected QSY7 following laser irradiation. The
star denotes the parent ion
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cysteine residues able to selectively bind chromophores, has
recently been investigated by action-spectroscopy [35]. In this
work, action-FRET measurements were in particular used to
follow solvent-induced unfolding of the protein. For the pres-
ent work, the samples were prepared as described in Ref [35]
and sprayed in positive ion mode (see mass spectrum
Supplementary Figure S3). We focused on the 7+ charge state
of ubiquitin tagged with one copy of the donor and the acceptor
chromophore, further denoted DAU+7. Other species with dif-
ferent grating schemes were also detected, but not suitable for
FRET. Moreover, as discussed below, the structural flexibility
on this particular species allows switching from a compact to
an extended state of the same molecule through collisional
activation.

Figure 3 displays ATDs recorded for DAU+7 using
different conditions in the transfer region preceding the
IMS drift tube. Namely, collisional activation was
achieved by raising the voltage drop between the two
sections of the dual ion funnel separating the ion source
and the drift chamber. ATD recorded in the absence of
irradiation displays a single broad peak centered around
38 ms, which corresponds to an average CCS of 1660
Å2. Upon collisional activation, the arrival time of the

ions globally shift and a second peak appears at longer
drift time (about 43 ms, or 1870 Å2, in terms of CCS).
Such collision-induced unfolding leading to the coexis-
tence of relatively compact (short drift times) and ex-
tended (longer drift times) types of structures has been
extensively discussed in the literature, especially for
ubiquitin [3, 44, 45]. The present CCS values are higher
than those reported for untagged ubiquitin. However, as
shown in ref [35], the tagged version of ubiquitin dis-
plays similar unfolding behavior as normal ubiquitin.
Namely, upon collisional activation, or under denaturing
solvent conditions, the ATDs for the lowest charge states
change from a relatively narrow peak at short drift times
assigned to native-like compact conformations, to another
narrow peak at longer drift times, assigned to largely
unfolded species. Between those two limiting states, in-
termediate partially unfolded states are populated, yield-
ing a broad intermediate peak in the ATDs. The similar-
ity of the behavior for the different versions of ubiquitin
supports the tentative identification of the broad peak
around 38 ms to partially unfolded structures. Following
the same line, the narrow peak at 48 ms would corre-
spond to unfolded conformations.

Figure 3. Arrival time distributions for quadrupole-selected, doubly tagged ubiquitin 7+ cations using a drift voltage of 400 V in
4 Torr helium at room temperature, (black) without laser and (red) with laser of wavelength 495 nm and pulse energy 7 mJ. The
different panels display results for different activation voltaages VA and different values tlaser (indicated by an arrow). Panel (a)
corresponds to no collisional activation and a laser delay of 38.2ms, (b) shows 80 V activation and a laser delay of 39.2ms, (c) shows
80 V activation and a laser delay of 42.5 ms, and (d) shows 130 V activation and a laser delay of 42.6 ms. Panel (e) shows the
depletion for each of the drift times selected by the laser pulse (see text). Error bars are estimated from counting statistics
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We irradiated the ions following the above-described pro-
cedure, aiming either at the center of the leftmost (compact), or
at the rightmost (extended) peak. The magnitude of the deple-
tion is globally less important than that observed for the pep-
tide. This is mainly due to the fact that compared with the
above discussed peptide-based system, the inter-chromophores
distances are expected to be more important in ubiquitin,
leading to less efficient FRET [35]. Differences are neverthe-
less observed when ions with different mobilities are irradiated.
This is summarized in the right panel of Figure 3, where the
depletionmagnitudeΔ (Equation 2) is plotted against the aimed
drift time.

A clear correlation is observed between the two observ-
ables: Δ decreases as the arrival time increases. Such correla-
tion was expected in the present case, since the position of the
chromophores has been chosen to probe the global unfolding of
the protein, which is also visible by IMS. The present observa-
tion then further supports the above identification of the two
observed spectral features to different stages in ubiquitin
unfolding.

Conclusions
We described a simple experimental procedure that allows
detecting FRET on IMS-resolved species through direct mea-
surement of the depletion of the IMS arrival time distribution.
The presented procedure is potentially relatively simple to
implement in a commercial instrument with IMS capability,
as it mainly requires the injection of a laser beam. In particular,
no additional voltage has to be applied, and no instrument
modification is necessary for IMS selection. Only basic syn-
chronization is required.

A Bhole-burning^ procedure was successfully applied to
monitor the unfolding of ubiquitin. The possibility to derive
absolute FRET efficiencies for direct comparison with numer-
ical simulations [46] has to be investigated further. The present
results nevertheless open new possibilities to combine comple-
mentary structural probes for gas-phase studies. Indeed, the
presence or absence of FRET-related signal already provides
a diagnosis on the potential contact between different regions
of a protein assembly. The observed qualitative distance-
dependence of the depletion can be used as a tool for compar-
ison between different systems or different experimental con-
ditions, such as collisional activation in the present case.
Deeper structural data, in particular unfolding pathways, could
be obtained from variants with different chromophore loca-
tions, thus allowing the identification of regions that retain
local structuration upon global unfolding.
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