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Abstract

The electrostatic linear ion trap (ELIT) is a device that can provide mass analysis via frequency
measurement, followed by Fourier transformation from the frequency domain to the time domain, or via
time measurement in a multi-reflection time-of-flight measurement. ELIT devices have been
demonstrated to be capable of relatively high mass measurement resolution as well as high-resolution
ion isolation capabilities. We have been exploring the possibility of developing the ELIT geometry as a
stand-alone high-performance tandem mass spectrometer for native mass spectrometry (MS) studies. In
this context, it is desirable to use an activation method capable of dissociating the high-mass complexes
encountered in native MS. To this end, we describe the implementation of surface-induced dissociation
(SID) in an ELIT and describe initial results for protein complexes generated under native conditions in
which ion isolation, fragmentation, and product ion mass analysis all occur within the ELIT.



1. Introduction

The electrostatic linear ion trap (ELIT) is a mass analyzer formed by two oppositely-facing
ion-mirrors. lons are injected into the ELIT at high energy (e.g., ~1980 eV/z in the instrument
used here), after which trapping can be achieved by raising the entrance lens of the first ion-
mirror to a potential above the ion’s energy-to-charge ratio, or by using an in-trap potential lift
to lower the ions energy below the trapping threshold?34, Stable oscillations in the ELIT occur
when Einzel lensing in each ion mirror focuses ions at the center of the device, with overlapping
focal points®. By tuning the mirror-electrode potentials, energy focusing and minimization of
space-charge induced incoherence is achieved®’:8. Mass analysis can be performed in Fourier-
transform (FT) or in closed-path multiple-reflection time-of-flight (MR-TOF) modes® %1, In MR-
TOF mode, resolution increases more quickly with oscillation time than in FT-mode before
reaching a maximum, though a tradeoff between unambiguous mass range and resolution occurs
due to ion lapping (‘race track effect’). In FT mode, no such tradeoff occurs, though resolution
increases linearly with time and thus requires longer acquisition times to match MR-TOF

resolution??. As with the Orbitrap™?13, ion frequency in the ELIT is proportional to \/%/Z, and thus

in FT mode, resolution decreases as ./m/z increases. Relative to FT-ICR, where resolution is
) 1 ) ) ) ) .
proportional to oyt this offers a potential advantage at the high m/z ratios often encountered in

native mass spectrometry®. The ELIT, therefore, is a relatively simple geometry device that is
readily fabricated and can offer many of the advantages of FT-mass spectrometry MS) and MR-
TOF MS.

MS is growing in importance as a tool in structural biology, offering complementary
information to techniques such as cryo-electron microscopy and X-ray crystallography®. Using
nano-electrospray ionization (nESI), soft-ionization of proteins and protein complexes is
possible, enabling ion transfer into the gas phase without significantly compromising protein-
protein interfaces. Use of volatile salts, such as ammonium acetate, enables electrospray of
proteins from native-like solutions, which approximate biological ionic strengths and preserve
native-like protein conformations?’. Operating under such ionization conditions is often referred
to as ‘native MS’. Beyond measurement of protein mass and protein complex stoichiometry,
native MS techniques have been developed for elucidation of structural information. Hydrogen-
deuterium exchange and cross-linking, for example, can be used to infer secondary and tertiary
structural information'819.20,

The utility of native MS is enhanced via tandem MS. Several dissociation techniques have
been demonstrated in the top-down dissociation of large complexes, each with specific
advantages. In collision-induced dissociation (CID), ions undergo energetic collisions with a
collision gas, thereby increasing the internal energy distribution of the ions in a step-wise fashion.
Because the energy gained each collision is low and the increase in energy is relatively slow, CID



favors the lowest energy fragmentation pathways, which can involve structural rearrangement??.
For large protein complexes, a common observation upon CID is the formation of complementary
highly charged monomer and a relatively low charge N-1 mer ions, which has been attributed to
unfolding of the monomer prior to ejection??. For this reason, CID is restricted mainly to
stoichiometry measurements, and top-down sequencing purposes in native MS. Ultraviolet
photodissociation has proven to be useful for monomer ejection and backbone cleavages in top-
down native MS.%3 Electron capture dissociation (ECD) has also been used for backbone cleavages
and top-down sequencing, with some potential for structural elucidation due to a preference for
cleavages of flexible regions.?*2>26 Surface induced dissociation (SID) has also shown potential
for structural elucidation in top-down native MS. In SID, ions collide with a solid surface with a
controlled energy. Unlike CID, this energy is deposited rapidly and can allow for dissociation to
better compete with slow structural rearrangements, such as monomer unfolding. Symmetric
charge distribution between protein subunits following SID is commonly observed, with
collisional cross section measurements following SID showing preservation of subunit
conformation?”-28, Additionally, the fragmentation pathways observed in SID have been shown
to be ‘biologically accurate’, where protein-protein interfaces are cleaved in the order of their
relative strengths?®:39,

We have been developing a relatively small ELIT as either the mass analyzer in a tandem
mass spectrometer instrument33233 or as a device to execute all phases of a tandem mass
spectrometry experiment (i.e., mass selection343°36 jon activation/dissociation, and product ion
mass analysis). Given the desirability to maintain low pressure in the ELIT to avoid deleterious
effects of collisions on resolution, collision-induced dissociation (CID) within the ELIT is not an
attractive dissociation method. To access collision-based chemistries (e.g., CID, ion-molecule
reactions, and ion-ion reactions), it is better advised to use the QLIT as the reaction vessel. If the
high-resolution ion isolation capabilities of the ELIT are to be used, transfer to an external device
for activation/dissociation at relatively high pressure is required, which can entail significant ion
losses in the transfer process. The methods that are most attractive for inducing fragmentation
within or near the ELIT are photodissociation3” and SID. We described SID experiments in an
ELIT38 with a series of tetraalkylphosphonium salts, with the largest at m/z 339. In this work, we
demonstrate tandem mass spectrometry experiments using SID of ions of relevance to native
MS. The experiments use the ELIT for ion isolation, activation/dissociation, and capture and mass
analysis of the fragment ions. We note that the ELIT geometry is also commonly used as the mass
analyzer for high-performance charge-detection mass spectrometry (CDMS)3%3°, In CDMS, direct
measurement of charge, and m/z allows for mass measurement, reducing heterogeneity from
charge state distribution and allowing for assigning masses to megadalton-sized biomolecular
complexes. While the work described herein involves conventional ensemble measurements
(i.e., many ions can be present for a given measurement), the ability to perform SID in the ELIT
may also prove to be relevant to CDMS analysis (i.e., CDMS/MS of protein complexes using SID
in the ELIT).

2. Methods



2.1 Materials

Aldolase, creatine phosphokinase, hemoglobin, and triose phosphate isomerase (TIM)
were purchased from Sigma-Aldrich (St. Louis, MO). Optima LC/MS grade was purchased from
Fisher Scientific (Pittsburgh, PA). 50 uM (monomer) solutions of each protein were made, in 150
mM ammonium acetate.

2.2 Mass spectrometry

SID experiments were conducted on a home-built ELIT mass spectrometer, which has
been described in detail®. lons were generated in the positive mode by nESI using a pulled glass
capillary and platinum electrode for electrical contact. lons were transmitted through an
interface region held at 0.90 Torr, before passing into a chamber at 5 x 10 Torr. lons passed
through a linear quadrupole ion guide into a DC turning quadrupole, after which they were
trapped in a quadrupole linear ion trap (QLIT) containing electrodes designed to generate a linear
DC gradient in the axial direction. This set of electrodes constitutes what is referred to as “linear
acceleration” (LINAC), which provides control over ion motion in the axial dimension*%4!, The rod
offset of the QLIT was then ramped to 1990 V, while the LINAC electrodes were ramped to 700
V, causing ions to bunch towards the ELIT side of the QLIT. Using an ultrafast high solid-state
switch (HTS 31-03-GSM, Behlke Electronics GMBH, Kronberg, Germany), the exit lens of this QLIT
was pulsed to 1500 V to inject ions into the ELIT. The entrance lens of the ELIT was similarly pulsed
up from 1600 V to a trapping potential of 2300 V after a delay during which ions enter the ELIT.
All voltage pulse timings were precisely controlled using a pulse/delay generator (model 575,
Berkeley Nucleonics, San Rafael, CA). Apodization of FT peaks was performed by applying a
Hanning window to time-domain signal for all spectra shown. Mass spectra were generated by
using an enhanced Fourier transform (eFT) algorithm*%43 to generate frequency-domain spectra,
which were then converted to m/z using a calibrated frequency to m/z relation.

2.3 Isolation and SID

lon isolations were performed by switching the potential of the entrance or exit lens of
the ELIT to a potential below the trapping threshold such that unwanted ions were selectively
removed (mirror-switching), as has been described previously in more detail**. An initial crude
isolation can be performed by delaying the pulse of the ELIT exit lens from a low potential to the
trapping potential, such that low m/z ions with higher velocity strike the SID surface instead of
being reflected. An upper m/z limit is similarly established by reducing the delay of the entrance
plate switching up to a trapping potential such that higher m/z ions cannot traverse the distance
between the QLIT and ELIT in time to be trapped. Further selective removal of unwanted ion
packets may be required due to the limited resolution afforded by this “first lap” isolation and is
accomplished by gating either exit or entrance lens of the ELIT briefly to a potential below the
threshold for trapping. The delay of these pulses relative to injection of ions determines the
degree of spatial separation that occurs in the ELIT, with a delay of half the beat period of two
ion packets representing the maximal possible separation. In practice, several mirror switching
pulses can be used to narrow the isolated mass range to the extent required for the application.



The ELIT was modified for SID by mounting a polished gold surface inside the aperture of
the exit lens, in electrical contact with the lens (Pine Research Instrumentation, Durham, NC).
The potential of the exit lens and SID surface was controlled by a solid-state switch (HTS 31-03-
GSM, Behlke Electronics GMBH, Kronberg, Germany). The low potential side of this switch was
connected to the output of an identical switch, such that the SID surface could be switched
between a trapping potential, a low potential to impart collision energy, and an intermediate
potential used to lift SID products back to injection energy. The transient times used for post-SID
analysis were limited to under 10 ms due to the amount of signal available after SID before decay
to undetectable levels, resulting in lower resolution SID spectra.

3. Results and Discussion:

3.1 Triose phosphate isomerase
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Figure 1: A schematic of the ELIT, modified with a gold surface for SID positioned directly
behind the aperture of the exit lens.
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Triose phosphate isomerase (TIM) is a 26.6 kDa protein primarily found in the cytosol as
a dimer (53.2 kDa). The positive mode MS1 spectrum of TIM yields a dimer ion charge state
distribution of 13* to 16* (Figure 2a). Prior to SID, isolation of the precursor 14* charge state of
triose phosphate isomerase was performed using mirror-switching isolation within the ELIT
(Figure 2b). An initial crude isolation was accomplished by changing the delay of the entrance
and exit plates. By reducing the time delay between ejection from the QLIT and the ELIT entrance
plate pulsing to a trapping potential, unwanted high m/z ions do not reach the ELIT in time to be



admitted. Similarly, unwanted low m/z ions are allowed to pass through the ELIT and strike the
SID surface by delaying the pulse of the exit plate to a trapping potential. This process was
effective at preventing the 16" charge state from being trapped. To remove neighboring charge
states, the entrance plate was pulsed below trapping potential for 20 us, a duration less than the
~33 ps lap time of the 14" charge state. A delay of this gate was chosen such that the 13* and 15*
charge state were overlapping in time and space, while the 14* charge state was maximally
separated spatially in the ELIT from the 13* and 14* ions. The entrance plate was then pulsed
down to allow these neighboring charge states to exit the ELIT. After isolation, the exit plate was
pulsed to the SID potential of 1860 V before the 14* charge state of TIM reached the exit plate,
allowing the ion packet to collide with the SID surface (Figure 2c). Multiple charge states of the
TIM monomer are observed following SID. The monomer charge state distribution is centered
around the 6* and 7* charge states, showing symmetric charge partitioning as typically observed
in SID*.
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Figure 2: a) nESI mass spectrum of TIM, 30ms transient. b) Mirror-switching isolation of the 14*
charge state, 50 ms transient. c) SID spectrum at 1680 eV collision energy, 5 ms transient.

The laboratory collision energy, CE, of SID can be estimated as:

CE = KEmqax — zeVsip (1)



where KEmax is the kinetic energy in the grounded field-free region (1980 eV x z) and Vspp is the
potential applied to the SID surface. The approximate timing of the precursor ion packet colliding
with the surface can be empirically determined by varying the timing of the exit lens gate.

3.2 Post-SID lift

The potential of the SID surface must be reduced to result in an energetic collision.
However, conditions for capture of the SID product ions are not expected to be optimal using a
static reduced SID potential. For example, if all of the collision energy is lost upon SID (e.g., via
transfer of all excess kinetic energy to the surface, vibrational excitation of the ion, etc.) a static
SID potential would result in @ much lower product ion kinetic energy. Various studies have
shown low (<20%) kinetic energy retention for SID products (i.e., the ion/surface collisions are
highly inelastic)*647.4843  For this reason, a second voltage pulse on the SID surface was used,
which switched from the SID potential to 1980 V, the quadrupole rod offset potential used for
ion injection. If this lift occurs immediately following a completely inelastic collision, the product
ions would re-enter the ELIT and reach the same maximum kinetic energy-to-charge ratio as the
precursor ion prior to the SID step. In practice, if products are formed with some recoil from the
initial collision energy, a delay between the lift pulse and the initial pulse of the ELIT exit lens/SID
surface to the SID potential is required to maximize SID product capture efficiency. Figure 3 shows
post-SID spectra of TIM'** collected at various delay times.

The potential at a position between the SID surface and adjacent focusing lens of the ELIT
will be between the SID surface potential and the potential of this lens. Because this adjacent
lens is held constant at 1600V, if ions have left the SID surface when the lift occurs, the potential
lift provided at this position will be a fraction of the full potential lift at the SID surface. Figure 3
(right side) shows a schematic of the effect ion position between the SID surface and adjacent
lens on the magnitude of the effected potential lift. By delaying this potential lift relative to the
SID collision, SID products will have moved towards the adjacent lens when the lift occurs and
thus the effective potential lift is reduced. This provides a mechanism by which tuning for average
axial kinetic energy retention of SID products can be accomplished. In Figure 3, the optimal lift
time for all TIM** SID products observed is the lowest lift time used (1 us), indicating low kinetic
energy retention.

Assuming a linear potential gradient between the SID surface and the adjacent lens, and
that axial kinetic energy retained after the SID collision is partitioned into fragment ions by mass,
the optimal delay time for the potential lift would depend on the kinetic energy retained and m/z
of the fragment ion. Specifically,

2K
Tiift— Tcollision = E*CM*e *(VCZ +CxE—-C )* m/z (2)

where K is the retained axial kinetic energy before partitioning by mass, C is a constant equal to
the rate of lift potential decrease with increasing distance from the SID surface, E is the electric



field between the SID surface and adjacent lens before the lift occurs, and M is the mass of the
precursor. (See Sl for a derivation of Equation 2.) SID products outside of the m/z range tuned
for in the lift delay will therefore not be lifted to the correct energy to charge ratio for optimal
trapping. Because SID usually forms products within a narrow m/z range due to even charge
partitioning, and because these collisions are mostly inelastic, however, m/z dependence on the
lift delay was not observed and is expected to be negligible.
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Figure 3: Overlaid spectra of TIM SID products, with varying delay of the SID lift pulse. A maximum in SID
product trapping is seen at 1 ps, with further delays reducing the product intensity. Schematic:
Representation of the electric potential difference from the exit lens/SID surface (left) to the adjacent lens
of the ELIT. The dotted blue line represents the potential difference before the lift, while the dotted red
line represents the potential difference following the lift. The lift moves an ion from the blue to the red
potential line, with the magnitude of the lift dependent on the ion position, as represented by the green
arrows.

3.2. Energy-resolved SID

Figure 4a shows the nESI mass spectrum of the 10*-12* charge states of Hemoglobin A
dimer selected via the tuned timing of the delays associated with raising the gates on the
entrance and exit plates, respectively. Further isolation of the 11* charge state was done using a



subsequent pulse of the entrance plate, timed such that the 10+ and 12+ were overlapping while
the 11+ was near maximal separation (see Figure 4b). Figure 4c provides the SID spectrum, which
shows both the apo a and B monomer subunits, as well as free heme group at m/z 616.
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Figure 4: a) MS1 spectrum of hemoglobin, 50ms transient. b) Mirror-switching isolation of the 11+
charge state, 50 ms transient. c) SID spectrum at 1320 eV collision energy, 4 ms transient.

The SID collision energy can be controlled by changing the SID potential. Figure 5 shows
hemoglobin A SID spectra at varying collision energies. An appearance energy of about 880 eV
was found for the monomer subunits. Above 1650 eV, the monomer subunits no longer appear
in the SID spectra. Likely, higher energy collisions result in access to more fragmentation channels
such as internal cleavages, which divide signal to below the limit of detection. Free heme is
observed to increase in intensity until 2090 eV. The ability to control SID collision energy could
enable future energy-resolved SID experiments.
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Figure 5: SID product spectra of the 11+ dimer of hemoglobin following isolation, taken at multiple
collision energies. The collision energy is controlled by the potential on the SID surface during SID. A
post-SID lift to 1980V is used in each case.

3.3 Larger complexes

Two larger protein complexes, creatine phosphokinase and aldolase, were used to demonstrate
SID on higher m/z species. Creatine phosphokinase is a ~43 kDa protein that exists biologically as
a homodimer (86 kDa) in skeletal muscle tissue, located in the cytosol. In the MS1 spectrum in
Figure 6, the 16+ and 17+ charge states are observed. Isolation of the 17+ complex was
performed as described above. SID shows cleavage of the dimer interface to form monomer with
6+ to 11+ charge states. The distribution is centered around the 8+ and 9+ charge states indicating
symmetric charge partitioning, though the monomer charge state distribution observed is
broader compared to other proteins, suggesting some unfolding may be taking place. The peak

around m/z 5000 in the SID spectrum is surviving precursor.
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Figure 6: a) MS1 spectrum of creatine phosphokinase, 50 ms transient. b) Mirror-switching isolation of
the dimer 17+ charge state, 50 ms transient. c) SID spectrum, 4 ms transient.

Aldolase is a 39.2 kDa protein found primarily as a homo-tetramer (156.8 kDa). Figure 7 shows
the MS1 spectrum (Figure 7a), spectrum after isolation of the 25+ charge state (Figure 7b), and
SID spectrum of the 25+ charge state of aldolase (Figure 7c). Over a range of 500 to 6000 eV, the
only observed SID products corresponded to the monomer.
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Figure 7: a) MS1 spectrum of aldolase, 50 ms transient. b) Mirror-switching isolation of the tetramer 25+
charge state, 50 ms transient. c) 5000 eV SID spectrum, 4 ms transient.

For all of the protein complexes studied here, the signal following SID was much lower than the
MS1 signal. Comparing the sum FT peak intensity of SID products to the isolated precursor
intensity at the same transient length shows >80% loss of signal following SID. This inefficiency
in conversion of signal required the use of shorter transient times for MS2 spectra, thereby
resulting in poorer resolution in the MS2 spectra. Various factors likely contribute to this
inefficiency, including neutralization and inefficient capture of SID products due to scattered
trajectories following SID.

4. Conclusions

The successful implementation of SID as part of a tandem mass spectrometry experiment
involving ion isolation, ion dissociation, and product ion mass analysis, on protein complex ions
generated under native MS conditions has been demonstrated. While the ELIT mass analyzer has
shown good MS1 performance, reaching resolutions over 100,000, and efficient ion isolation has
been demonstrated, the ability to perform activation of ions within the mass analyzer has been



limited,>%°1,5253,54 particularly for high mass ions. While the SID experiment has been
demonstrated, the overall efficiency of the process (<20%) is relatively poor using the approach
described herein. Furthermore, the trapping efficiency of the product ions is relatively limited
such that the collection of frequency data is only possible over short periods of time (e.g.,
transients of a few ms). These deficiencies currently limit the resolution and sensitivity of the
tandem MS experiment using SID. Improvements might be realized by reducing neutralization,
perhaps via use of different SID surface modification, and improved detection efficiency in the
current system. The latter improvement would enable the collection of longer transients before
ion signal drops below the limit of detection. Improvement of the trapping time for the SID
product ions is also highly desirable, which would likely require reduction of the angular, and
perhaps energy, distributions of products.
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