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ABSTRACT: Native mass spectrometry (native MS) has emerged as Native MS TPX |mage
a powerful technique to study the structure and stoichiometry of large
protein complexes. Traditionally, native MS has been performed on
modified time-of-flight (TOF) systems combined with detectors that
do not provide information on the arrival coordinates of each ion at
the detector. In this study, we describe the implementation of a
Timepix (TPX) pixelated detector on a modified orthogonal TOF
(O-TOF) mass spectrometer for the analysis and imaging of native
protein complexes. In this unique experimental setup, we have used
the impact positions of the ions at the detector to visualize the effects
of various ion optical parameters on the flight path of ions. We also
demonstrate the ability to unambiguously detect and image individual ion events, providing the first report of single-ion imaging of
protein complexes in native MS. Furthermore, the simultaneous space- and time-sensitive nature of the TPX detector was critical in
the identification of the origin of an unexpected TOF signal. A signal that could easily be mistaken as a fragment of the protein
complex was explicitly identified as a secondary electron signal arising from ion-surface collisions inside the TOF housing. This work
significantly extends the mass range previously detected with the TPX and exemplifies the value of simultaneous space- and time-
resolved detection in the study of ion optical processes and ion trajectories in TOF mass spectrometers.
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B INTRODUCTION (MCPs)'® in combination with time-to-digital converters
(TDCs) or analog-to-digital converters (ADCs) that are
typically capable of single-ion detection.'”” While these are
popular and versatile detection systems deployed in virtually all

Advances in electrospray ionization (ESI) over the past two
decades have enabled the ionization and mass analysis of
macromolecular assemblies (MMAs) in their pseudonative

state, where noncovalent interactions are maintained, a method modern TOF instruments, they do not provide spatial
referred to as native mass spectrometry (native Ms),l Using information on ions arriving at the detector surface. This
native MS, various structural details of MMAs such as poses a limitation as these impact coordinates can encode
topology, stoichiometry, subunit connectivity, dynamics, and critical information on the trajectories that ions take through
interaction of large biomolecules like protein complexes,™” the intermediate ion optics and TOF analyzer. As a result, they
protein—ligand complexes,” protein—nucleic acid com- may reveal ion optical processes that remain hidden if only the
plexes,” and virus capsids® have been successfully inves- resulting integrated mass spectrum is observed. In this study,
tigated. we have coupled an active pixelated detector (Timepix (TPX))

- 10,11
A combination of a nano-ESI source and an orthogonal

time-of-flight (O-TOF) mass analyzer equipped with an ion
reflectron' »'® is widely used for native MS. Careful
consideration in the design and operating parameters of the
ion transfer optics is critical for the transmission of the high
mass-to-charge (m/z) ions produced under native conditions.
Elevated gas pressures and radio frequency ion guides
operating with higher amplitudes and/or lower frequencies
are often used to enhance the transmission of high m/z ions
into the TOF (or other) mass analyzer."*”"” Ton detection in
TOE-MS is generally accomplished using microchannel plates

for the first time to an O-TOF mass spectrometer modified for
native MS to study the ion transport processes of large proteins
and protein complexes.
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The TPX is a position- and time-sensitive charge detector
consisting of a 512 X 512 pixel array of 55 pm pitch, with each
pixel capable of recording both the arrival time and impact
coordinates of impinging particles.”’ Initially developed for
high energy physics applications where a silicon sensor layer is
placed on top of the detector chig for localized charge
generation from impacting particles, 2725 it has also been
adapted for ion imaging in MS applications.”*™** In MS
applications, a TPX detector chip without a silicon sensor layer
is positioned behind a dual MCP and directly detects the
amplified electron pulses emitted by the MCP. Initial TPX
studies focused on the development of stigmatic ion imaging
applications using both secondary ion mass spectrometry
(SIMS) and matrix-assisted laser desorption/ionization
(MALDI) with the goal to improve the spatial resolution
and thr0u3ghput of mass spectrometry imaging experi-
ments.””*">? Improvements in detection efficiencies for higher
mass ions such as intact proteins was subsequently realized by
the development of a TPX detection system biased at a high
voltage (HV) of +12 kV/—8 kV for ion post-acceleration prior
to ion detection.® Furthermore, the coupling of the TPX
detector to a commercial MALDI-axial-TOF instrument
(Ultraflex III from Bruker Daltonics) demonstrated both the
ability to detect ions with m/z values up to 400,000* and the
study of m/z-dependent ion trajectories defined by mass-
independent initial ion velocities and the ion extraction
optics.”” These studies clearly show the significance of spatially
and temporally resolved ion detection for studying ion optical
processes in mass spectrometry.

In this work, we describe the development of a new HV-
floating TPX detection system and its coupling to an O-TOF
LCT mass spectrometer modified for high mass transmission
and equipped with a nano-ESI ion source, thereby providing
the first report for the detection and imaging of highly charged
ions with molecular weights in excess of 800 kDa using TPX
technology. In this system, we have used the spatial and
temporal distributions of ions arriving at the detector as a
readout to investigate ion transport properties through the
different ion optics elements of the instrument and to resolve
individual ion detection events in both space and time.
Furthermore, we discuss how both the impact coordinates and
arrival time information recorded by the TPX detector are
utilized to explain an unusual signal in the native mass
spectrum, which was also observed in earlier studies using
modified quadrupole-TOF (q-TOF) I, g-TOF 1II, and LCT
mass spectrometers (Micromass, Manchester, UK) under
certain ion optical conditions but could not be explained
solely by the TOF spectrum generated by conventional mass
spectrometers.‘%_

B MATERIALS AND METHODS

Materials. Cytochrome ¢ (12.4 kDa) from equine heart,
myoglobin (17.6 kDa) from equine heart, pepsin (35 kDa)
from porcine gastric mucosa, bovine serum albumin (BSA,
66.4 kDa), conalbumin (77 kDa) from chicken egg white,
concanavalin A (102 kDa) from Canavalia ensiformis,
immunoglobulin G (IgG, ~150 kDa) from human serum,
beta amylase (f-amylase, 223.8 kDa) from sweet potato,
chaperonin 60 (GroEL, ~800 kDa) from Escherichia coli,
ammonium acetate, tris-acetate, potassium chloride, ethyl-
enediaminetetraacetic acid (EDTA), adenosine-5'-triphos-
phate (ATP), magnesium chloride, ammonium hydroxide,
and acetic acid were all purchased from Sigma-Aldrich
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(Zwijndrecht, The Netherlands). Methanol, acetone, and
LC-MS grade water were purchased from Biosolve (Val-
kenswaard, The Netherlands).

Nanospray needles were homemade from preheated
borosilicate glass capillaries (Science Products GmbH,
Hotheim, Germany) on a DMZ universal electrode puller
(Zeitz-Instruments Vertriebs GmbH, Munich, Germany)
followed by gold coating with a SC7640 sputter coater
(Quorum Technologies, Kent, UK).

Sample Preparation. The lyophilized protein assemblies
(except GroEL) were dissolved to a stock concentration of 100
#M in LC-MS grade water. These samples were further diluted
to a final monomer concentration of 2.5—-20 M in 100 mM
ammonium acetate (pH 6.8) prior to MS experiments. The
preparation of GroEL samples was performed as follows. A 5.8
uM (monomer concentration) solution of GroEL was made in
buffer A (20 mM tris-acetate, SO mM potassium chloride, 0.5
mM EDTA, 1 mM ATP, 5 mM magnesium chloride adjusted
to pH 8). This solution vortexed slowly for 1 h followed by the
addition of ice-cold methanol (20% of final volume). The
solution was equilibrated by vortexing another 1 h followed by
the addition of ice-cold acetone (50% of final volume) and
kept overnight at —20 °C to precipitate the protein.
Precipitated GroEL was redissolved in 500 pL of buffer A,
which was subsequently shaken for 20 min at room
temperature. This sample was buffer exchanged with 100
mM ammonium acetate at pH 6.8 using 30 kDa molecular
weight cutoff (MWCO) Amicon Ultra centrifugal filter
(Millipore, Merck KGaA, Germany) to a final monomer
concentration of 28 yM.

Timepix Detector. The TPX detector family was
developed within the Medipix consortium hosted by the
European Or§anization for Nuclear Research (CERN, Geneva,
Switzerland).”" A single TPX chip consists of a 256 X 256 pixel
array having a pixel pitch of 5SS ym and dimensions of 1.4 X 1.6
cm’. For this study, we used a 2 X 2 quad array consisting of
512 X 512 pixels in total. Each pixel is a single stop TDC that
registers an event once the input charge of a given pixel
exceeds a certain threshold (equivalent to ~600 electrons).
The TPX is positioned 2 mm behind a dual microchannel plate
and thus detects the emitted electron pulses that span multiple
pixels.”” Bach TPX pixel can be operated in three modes: (i)
counting mode, in which each pixel counts the number of
arriving particles; (ii) time-of-arrival (TOA) mode, in which
the arrival time of each particle is measured with respect to an
external trigger; and (iii) time-over-threshold (TOT) mode, in
which each pixel registers the time for which the signal is above
a certain detection threshold level. In this study, TOA mode is
used and the TPX data are read out via a ReLAXD (high-
Resolution Large-Area X-ray Detector) readout board with a
speed of 1 Gbit-s™.*

Mass Spectrometer and Detection System. All experi-
ments were performed on two similar LCT O-TOF mass
spectrometers (Micromass, Manchester, UK); one is a
modified LCT with the described TPX detector (Maastricht
University, Maastricht, The Netherlands), and the other is a
standard LCT (Utrecht University, Utrecht, The Netherlands).
Both instruments were modified to improve the transmission
of high m/z ions, through the installation of a speedivalve that
reduces the pumping efficiency of the rotary pump and thus
increases the pressure in the source region. The systems were
additionally equipped with a flow restriction sleeve in front of
the first hexapole to increase the pressure in the RF optics.

https://dx.doi.org/10.1021/jasms.0c00412
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Figure 1. (a) Schematic of the ion optics of modified LCT O-TOF mass spectrometer. The TPX detector is positioned behind the MCP stack.
Ions (red trace) are initially accelerated and transported in the x-direction and subsequently accelerated in the z-direction before they enter the O-
TOF analyzer. The detector assembly is positioned in the x—y plane. Flight angles @ and 6 defines the ion trajectory. (b) Schematic representation
of mechanical design of MCP-TPX setup. The MCP-TPX assembly is isolated from the readout electronics via a vacuum seal (left) and placed
within the inner shell kept at HV and protected by the outer shell at ground potential (right).

Such elevated pressures in these regions are critical for the
gentle transmission of high m/z ions through collisional
damping, 14—16,43,44

A schematic of the ion optics of the instrument is shown in
Figure la. Ions generated using an in-house built static nano-
ESI source are transferred into an orthogonal acceleration
TOF mass analyzer via two differentially pumped hexapole RF
lenses. The interface between the nano-ESI source and MS
consists of two cones: a sample cone and an extraction cone
(source region). Apertures 1 and 2 are used to focus ions into
the hexapole region and a set of lenses (acceleration, focus,
steering, and tube lenses) are used to transfer the beam into
the pusher region for TOF based mass analysis.

The LCT is designed such that the field-free TOF tube is
floating at HV (typically —4.6 kV in positive ion mode), and as
such, the TPX detector and associated readout electronics
must also operate at HV to enable operation of the instrument
using the standard acceleration schemes. A schematic of the
detector assembly is shown in Figure 1b and is based on a
previously reported HV-TPX design.’’ The inner shell is
floated at HV and contains the TPX detector in vacuum and
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the associated ReLAXD readout system at atmospheric
pressure. A multifunctional chip carrier provides both vacuum
seal and electrical feedthroughs for connection from the TPX
to the ReLAXD board. The inner shell is surrounded by an
outer shell shield that is kept at ground potential. A home-built
floating low voltage power supply was used to power up the
TPX, ReLAXD readout board, and cooling system. An external
power supply (FuG Elektronik GmbH, Schechen, Germany)
provides a voltage offset to the TPX relative to the back MCP
to attract the amplified electrons toward the TPX surface
(typically +800 V offset). The bias between the front and back
MCP plates was 1.6 kV and controlled by the standard
MassLynx software. An optical fiber protocol via two ethernet
media converters (N-Tron 1002MC) was used to transfer the
TCP/IP signal output at HV from the ReLAXD board to the
acquisition PC at ground potential. The TPX was triggered
using a down-sampled version of the main trigger pulse that
starts the orthogonal acceleration in the pusher. The trigger
was down-sampled to a rate of 30—50 Hz to match the
achievable frame rate of the TPX. This down-sampled trigger
passed through a digital pulse and delay generator (DGS3S,

https://dx.doi.org/10.1021/jasms.0c00412
J. Am. Soc. Mass Spectrom. 2021, 32, 569—580


https://pubs.acs.org/doi/10.1021/jasms.0c00412?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.0c00412?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.0c00412?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.0c00412?fig=fig1&ref=pdf
pubs.acs.org/jasms?ref=pdf
https://dx.doi.org/10.1021/jasms.0c00412?ref=pdf

Journal of the American Society for Mass Spectrometry

pubs.acs.org/jasms

Research Article

Stanford Research Systems) to trigger and open the TPX for
the measurement period and have flexible timing control.
Trigger was converted to optical domain for the HV isolation,
and two home-built converters were used for the signal
transmission from the pulse and delay generator to the TPX.
All experiments were performed using a 20 ns TPX clock
width, corresponding to a maximum measurement window of
236.2 s for each TOF cycle. Typical flight times were <155 us
for all data reported here.

Samples were introduced into the mass spectrometer using
gold-coated needles via an in-house built static nano-ESI
source. Three microliters of each sample was loaded into the
needle, and a spray voltage of 1.4 kV was applied. Sample cone
voltage, extraction cone voltage, RF lens voltage of hexapoles,
and the pressures in source and TOF analyzer regions were
optimized for each protein separately. All spectra were
recorded using the following voltage settings; DC offset 1 =
10 V, DC offset 2 = 6 V, ion energy = 10 V, aperture = 20 V,
TOF tube = 4600 V, reflectron = 1000 V, MCP gain = 1600 V,
and TPX = —2200 V unless stated otherwise. All ion optics
parameters except the TPX voltage were defined via MassLynx
V4.1 software (Waters, Wilmslow, UK).

Data Acquisition and Analysis. The SoPhy (Software for
Physics) software package was used for the TPX chip control
and data acquisition (Amsterdam Scientific Instruments,
Amsterdam, The Netherlands). Ten thousand TOF cycles
were collected and summed for each data set. For each TOF
cycle, a separate data file was saved that registers the
information about the pixel addresses (location) and
corresponding TOA associated with each event. These raw
files were subsequently analyzed using in-house developed
software written in MATLAB (R2014a, MathWorks Inc.,
Natick, MA, USA).

lon Optics Simulations. SIMION 8.1 (Scientific Instru-
ment Services, Ringoes, USA) software was used for all ion
optics simulations to evaluate the experimental results. A two-
dimensional model of the simplified TOF geometry of the
LCT generously provided by Waters Corporation (Wilmslow,
UK) was used for the simulations.

B RESULTS AND DISCUSSION

Detection of High Mass Native Proteins Using
Timepix. We acquired mass spectra of native GroEL (800
kDa) under the same ion optical conditions on both the TPX-
equipped LCT and one equipped with the standard MCP/
TDC detection system to first validate the native MS data
recorded by the TPX system. The resulting native mass spectra
collected on both the instruments are shown in Figure 2. Each
spectrum represents a 1 s accumulation time corresponding to
4S5 and 7143 pusher pulses for MCP-TPX and MCP-TDC
data, respectively. In both MCP-TPX and MCP-TDC
generated spectra, a series of peaks spanning over the m/z
values between 11,290 and 12,740 are observed. This is
consistent with the previously reported native GroEL
spectrum® and corresponds to the 63+ to 71+ charge states.
We note the lower mass resolution of the MCP-TPX spectra.
In part, this can be explained by known time-walk effects,
whereby a single electron pulse is registered across several time
bins (Supporting Information Figure S1).27*~* Previous
studies demonstrated that centroiding approaches can be used
to correct for time-walk effects and improve the effective mass
resolution.””***’ Here, we found such approaches to provide a
minimal improvement in mass resolution for the detection of
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Figure 2. Averaged mass spectra of native GroEL acquired on an LCT
equipped with TPX detector (top, red trace) and on a standard LCT
with conventional MCP-TDC detector (bottom, blue trace). Both
spectra were acquired under identical ion optical conditions (DC
offset 1 =10 V, DC offset 2 = 6 V, ion energy = 30 V, aperture = 20 V,
TOF tube = 4600 V, reflectron = 1000 V). The MCP-TPX is the
result of the accumulation of 45 pusher pulses, whereas the MCP-
TDC is the result of 7143 pusher pulses.

the high m/z ions. This suggests the lower mass resolution of
the TPX compared to the conventional detection system is
caused by some other phenomena. Nonetheless, this mass
resolution is still sufficient to resolve the multiply charged high
m/z native species generated by ESI.

The differences in absolute intensity values arise from the
different nature of each detection approach. In the case of the
standard LCT system, the MCP-TDC records the number of
time bins for which an ion event is registered during each
measurement cycle with a digitization rate of 1 GHz. This
detector output is then converted to counts per second. In the
case of the TPX, the output value corresponds to the average
number of pixels activated for each arrival time, with individual
events typically spread across the majority of the detector
surface. Each event results in an electron pulse that spans 6—65
pixels, thus multiple counts are recorded for each ion event. It
is noteworthy that the TPX data were acquired with 158 times
fewer pusher pulses than that used to acquire the TDC
spectrum.

The TPX may provide improved sensitivity for high mass
ions due to the lower charge threshold for event registration.””
Given the high m/z range observed, some ion impacts can
result in lower ion-to-electron conversion efficiency and thus
lower overall amplification. Some of these events may still be
registered by the TPX but do not exceed the detection
threshold of the standard TDC (~70 mV). However, such
comparisons are difficult to quantify. A second potential
advantage of the TPX is the ability to differentially detect
simultaneous individual ion events that arrive at different
positions, whereas this is not possible with the conventional
integrating TDC system. While this can potentially lead to a
benefit for the TPX at high count rates, in such O-TOF
instruments, the number of ions per pusher pulse is sufficiently
low that it is likely not to have a significant effect.

The TPX data also exhibit a broad lower TOF distribution
corresponding to arrival times of 90—130 s (appearing at m/z
hump ranging from 5500 to 9000). The potential origin of this
distribution is discussed later in this article.

Single-lon Imaging of Protein Complexes. Single-ion
detection of MMAs has been previously reported on TOF,**’
Fourier transform ion cyclotron resonance (FT-ICR) ,51’52 and
Orbitrap'”>® platforms. Recent works on individual ion

https://dx.doi.org/10.1021/jasms.0c00412
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Figure 3. (a) Mass spectrum and (b) TPX image acquired from a single TOF cycle (one TPX frame) using a protein mix of cytochrome ¢, BSA,
and f-amylase sprayed under native conditions. (c) Mass spectrum and (d) TPX image acquired from a second single TOF cycle using IgG. Only a
single-ion event that represents IgG** is detected. The y-axis in (a) and (c) represents the number of TPX pixels activated for each ion event. Each
color in the single frame TPX image corresponds to a different m/z or arrival time.

measurement using Orbitrap analyzers demonstrated the
ability to significantly improve mass resolution at high m/z
values® and allowed precise mass determination and charge
detection of highly complex mixtures of MMAs.>>*® In this
section, we demonstrate for the first time the capabilities of an
LCT-TPX assembly for simultaneous space- and time-resolved
detection of single MMA ions.

Figure 3a,b shows the mass spectrum and measurement
frame image generated from a single TOF cycle using a protein
mix containing cytochrome ¢ (12.4 kDa), BSA (66.4 kDa), and
f-amylase (223.8 kDa), three commonly used molecular
weight markers in gel filtration chromatography. Each impact
event in the single frame image (Figure 3b) corresponds to the
electron footprint of single-ion event at the MCP and is
associated with a single peak in the mass spectrum (Figure 3a),
thereby demonstrating single-ion detection and imaging of
protein complexes. Figure S2 (Supporting Information)
contains single frame spectra and images from four different
TOF cycles. Each peak in the single frame spectrum may
correspond to more than one ion event if more ions arrive at
the same time but strike at different locations of the detector.
The number of pixels activated by each ion event is related to
the number of electrons emitted from the MCP, which in turn
is related to the efficiency of the initial ion-to-electron
conversion, amplification steps though the channels of MCP,
and the space charge-driven expansion of the electron pulse
between the MCP and TPX. These processes are expected to
follow Poisson statistics and produce a distinctive distribution
of the size of each electron showers footprint on the TPX
detector.””’

Figure 3c,d shows data from another single TOF cycle in
which only one ion event is recorded. This ion event is
assigned to IgG™* at m/z = 6029. In this case, the electron
footprint of IgG™* occupies 46 pixels and results in a
maximum time-bin intensity of 11 counts with a TOF spread
of 180 ns (Supporting Information Figure S1). Given the fact
that the pulse width of a single MCP pulse is expected to be no
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longer than several nanoseconds, this widespread of TOF
values for a sin§1e-ion event is due in part to the time-walking
effects of TPX.”*07*

Influence of lon Optics on the Spatial Distribution of
the lons Arriving at the Detector. We next investigated the
ability of the TPX to study ion trajectories as a function of
various ion optical parameters. In the LCT schematic diagram
shown in Figure la, ions are initially accelerated in the x-
direction as they leave the ion source and travel toward the
pusher. The pusher pulses the ions in the z-direction for the
TOF and the spatial profile measurements and finally detected
by the MCP-TPX assembly in the x—y plane. The impact
coordinates of ions at the detector are determined by the flight
angles of the ion beam leaving the pusher. The flights angles 6
and @ indicated in Figure la and given by

v,

1%z

9 = tan . (1)
where v,, v), and v, are the velocity components in x-, y-, and z-
directions, respectively. In the region prior to the pusher, the
velocity components in y- and z-directions are significantly
smaller than the axial (x) velocity component of the ion beam.
Once the beam is accelerated to the z-direction by the
orthogonal pusher, v, increases significantly, whereas v, and v,
remain almost unchanged. Hence, the ion trajectory in the
post-pusher region is mainly determined by the flight angles
defined by equation set 1. As no voltage source accelerates the
ions in the y-direction, vy is much smaller than v,, which keeps
@ ~ 90°. As a result, no shift in impact position is observed
along the y-direction when any of the instrument settings are
altered, even for the parameters that affect the v, component.
That means @ is the only significant flight angle that defines the
impact position of the ion cloud. As a result, only shifts in the
spatial profile along the x-direction under normal operating
conditions are expected.

We have observed that only four ion optical parameters have
a critical influence of the spatial distribution of ions in the
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Figure 4. Influence of (a) TOF tube voltage, (b) axial ion energy, (c) DC offset voltage across first hexapole, and (d) reflectron voltage on the
spatial distribution of cytochrome ¢ ions arriving at the detector. All data represents the sum of 5000 TOF cycles by spraying native cytochrome ¢
under identical voltage conditions and represent the sum of all charge states (cpp = counts per pixel).

detection plane: TOF tube voltage, axial ion energy, DC offset
across the first hexapole, and reflectron voltage. No significant
shift in the ion profile along x-direction was observed for
change in any of the other ion optics settings other than these
parameters as all other voltage elements only alter the potential
energy profile locally. This will be discussed in more detail
below.

Effect of TOF Tube Voltage. The spatial distribution of the
cytochrome ¢ ion cloud recorded at different TOF tube
voltages is shown in Figure 4a. The entire m/z range that
encompasses all detected charge states was summed for this
evaluation. The vertical patterns in the y-direction that appear
as “ion shadows” in the image are explained by the
transmission grids placed in the acceleration region.

The “TOF tube” defines the voltage at the exit of the pusher
and thus determines the orthogonal acceleration energy of the
ions as they enter the field-free TOF tube. The cytochrome ¢
mass spectrum appears almost similar for different TOF tube
voltages (Supporting Information Figure S3), but the spatial
distribution of the ion cloud at the detector shifts toward left as
the TOF voltage increased from 4200 to 4800 V. These results
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can be explained as follows: a higher TOF tube voltage
increases the total acceleration potential of the pusher and thus
increases v,, whereas v, and v, remain unchanged, and thus
raises the flight angle . At a TOF tube voltage of 4200 V, the
reduced 6 angle combined with the width of the ion beam in
the x-direction results in most of the ion beam hitting detector.
A higher TOF tube voltage increases the flight angle and thus
leads to a larger fraction of the ion beam missing the detector.

Effect of Axial lon Energy. The impact of “ion energy” on
the spatial distribution of the ion cloud is shown in Figure 4b.
The “ion energy” settings defines the voltage at aperture 1, and
all voltage elements prior to the pusher entrance (except
capillary) are defined with respect to the aperture 1; thus this
parameter ultimately determines the axial ion energy of ions
entering the pusher. Higher ion energies increase the axial
velocity and thus reduces 6, so that the ion cloud moves
toward the right of the detector.

The intensity distribution of the ion cloud appears different
at lower ion energies. This can be explained by the increased
sensitivity of the ion optics to voltage changes at lower ion
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Figure 5. (a) TOF spectra and (b) spatial distribution at the TPX detector for native GroEL recorded at different axial ion energies (10—50 V). (c)
TPX images generated separately for native GroEL (red trace in panel a) and secondary particles (blue trace in panel a) at different ion energies.
(d) Comparison between the mean TOF of the secondary particles (blue) and time difference between simulated mean TOF of GroEL to reach
the support plate at the exit of the reflectron and measured TOF of secondary particles at the detector. (e) Schematic diagram explains the
generation of secondary particles from the parent GroEL ion. At higher ion energies, a fraction of the wide ion beam hits the support plate and
generates secondary electrons via protein—surface collisions (cpp = counts per pixel).

energies since the instrument was designed to operate at a
higher ion energy of ~35 V.

Effect of DC Offset Voltage across First Hexapole. The
“RF DC offset 1” parameter that defines the DC offset voltage
across the first hexapole displays a similar behavior as “ion
energy”. As this voltage increases, the potential difference
between the first hexapole and its exit lens (aperture 1) is
increased and leading to an increase in the axial ion energy of
ions entering the pusher. Expectedly, this leads to a shift in the
spatial distribution of the ion cloud toward the right side of the
detector (Figure 4c).

Figure 4c is generated from the data recorded at a fixed “ion
energy” settings of 10 V, which resulted in spatial intensity
distribution to be very sensitive to small variation in the DC
offset voltage of the first hexapole. Figure S4 (Supporting
Information) is generated for the exactly same “RF DC offset
17 values used in Figure 4c but for a higher “ion energy” of 40
V, and it is observed that the intensity profile of ions is less
sensitive to the DC offset of the first hexapole.
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Effect of Reflectron Voltage. The “Reflectron” sets the
voltage at the rear of the reflectron. A change in the reflectron
voltage does not affect @, but this voltage does define the point
from which the ion beam gets reflected back to the detector.
For higher reflectron voltages, this turn-around position is
closer to the detector and results in the ion beam hitting more
toward the left side of the detector (Figure 4d).

General Observations. Equation of @ can be rewritten as

v, v
9=tan' = =tan”! |=
v, v, (2)

where V, and V, are the acceleration potential components in
x- and z-directions, respectively.” Equation 2 clearly shows
that @ is independent of the mass of the protein; hence, the
same spatial distribution is expected to be observed for
different proteins under identical ion optics conditions. Figure
SS (Supporting Information) shows the spatial distribution of
the ion cloud corresponding to different proteins of masses
from 12.4 to 223.8 kDa acquired under similar voltage
conditions, and the spatial profiles look similar as expected.
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activated. (b) Difference in the mean arrival time of secondary electrons and parent ion plotted as a function of mass of the protein.

Figure S6 (Supporting Information) is generated using the
exact same jon optical conditions used in Figure 4 but with a
different protein—conalbumin (77 kDa), and the spatial
distributions are observed to be identical to those of
cytochrome c¢ except for axial ion energy. This is due to the
origin of mass-independent secondary particles at higher axial
energies, which will be discussed in the next section.

All of the experimental data show good agreement with the
SIMION ion optical simulation results. Simulated ion
trajectories of cytochrome c¢ for different TOF tube voltages
are shown in Supporting Information (Figure S7).

Visualization of Secondary Electrons Generated by
Protein—Surface Interaction. In this section, the imaging
capability of the TPX is further exploited to determine the
origin of the unexpected TOF signal observed with flight times
less than the corresponding parent protein. Figure Sa shows
the TOF spectrum of GroEL recorded at different “ion energy”
voltage settings from 10 to 50 V, while the corresponding TPX
images for all the arriving ions are shown in Figure 5b. In
addition to the intact GroEL signal (red trace), an additional
spectral distribution is observed at lower TOF values that
increases in abundance with increasing axial ion energy (blue
trace). For an ion energy of S0 V, two distinct distributions are
observed in both the mass spectrum and total ion image.
Figure Sc shows the corresponding TPX images for the red and
blue flight times indicated in Figure Sa and demonstrates the
spatial separation of these two populations at the detector. As
expected, high TOF intact GroEL signal shows a shift in
impact position to the right of the detector with an increase in
axial ion energy. In contrast, the low TOF secondary particle
distribution does not exhibit a shift in impact position with
increasing axial ion energy. Similar spectra and TPX images
were also observed at high axial ion energies for a series of
different protein ions (Supporting Information Figure S8). The
formation of this low TOF signal at high axial energy was
reproduced on a second, unmodified LCT equipped with the
standard detector (Supporting Information Figure S9).
Surprisingly, the impact position of this secondary population
was also observed to be insensitive to all other instrument
parameters including the reflectron and TOF tube voltages
(Supporting Information Figure S10).

Insensitivity to both axial ion energy and the reflector
voltage allows exclusion of two possible sources of this
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secondary population. First, the possibility of secondary
particle formation prior to the pusher can be excluded as the
axial ion energy does not alter the impact position of this
secondary population. The possibility of secondary particle
formation inside the reflectron can also be excluded due to the
fact that neither the flight time of the ions nor their impact
position changes with the reflectron voltages. Such behavior
would be otherwise expected upon the creation of ions having
different m/z values within the decelerating/accelerating field
of the reflectron.

Another possibility considered is the occurrence of
metastable fragmentation between the reflectron exit and the
TPX. However, this is excluded for the following reasons: (i)
after metastable fragmentation in the field-free region,
fragments travel at the same velocity as the precursor ion
and would have identical arrival times and impact positions at
the detector (ignoring the small radial kinetic energy
discrepancy resulting from dissociation);'”*® (ii) the spatial
profile of metastable ions are expected to also be sensitive to
voltages prior to the TOF measurement in a similar manner as
their parent ions. Nonetheless, the above observations provide
strong circumstantial evidence for the generation of the
secondary particles in the post-reflectron region.

SIMION simulations were employed to investigate these
effects further. It was observed that the mean TOF of the
secondary particles was very close to the simulated TOF of the
intact protein ions to reach the exit of the reflectron. Figure 5d
plots the experimentally measured mean TOF of the secondary
particle distribution (blue trace) and the time difference
between the simulated TOF of the protein ions to the exit of
the reflectron and the experimentally measured TOF of the
secondary particles (orange trace). Interestingly, there is very
little dependency of the time difference plotted as the orange
trace in Figure Sd on the mass (and thus m/z) of the protein,
suggesting the identity of the secondary population is the same
regardless of the protein being analyzed. This led us to believe
the source of this low TOF signal was the creation of
secondary electrons by protein—surface collisions near the
reflectron exit. As a result of surface interaction of the primary
beam, positively charged/neutral protein fragments and surface
emitted positively charge ions/negatively charged ions/
neutrals could also be generated. However, all of these
possibilities were excluded due to the lower TOF of the
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secondary particles compared to the parent ions in the field
free region. The LCT contains an uncoated stainless steel
support plate placed between the first reflectron grid and
detector. The position of this support plate is such that it lines
up with the detector (Figure Se). At higher axial higher ion
energies, the flight angle becomes wider (lower ) and leads to
an increased probability of the ion cloud to hit the support
plate and to generate more secondary electrons from protein—
surface collisions. Further evidence for the support plate as the
source of this additional signal is the close match in the
overlapping area of the support plate with the detector (9.5
mm) and the size of the secondary particle image on the TPX
(~9.4 mm). The comparison between the results from the
experiments and LCT ion optics model suggests that an energy
of ~4 meV is enough to accelerate the secondary electrons
from the support plate to the detector with a mean flight time
of ~9.5 us.

The extent of the surface emitted secondary electrons and its
dependency on the parent protein ions were studied for
different proteins under similar ion optical conditions; ion
energy = 50 V, reflectron = 1000 V, TOF tube = 4600 V, RF
DC offset 1 = 10 V. As expected, it was observed that the
spatial profile of all proteins looks similar for same voltage
settings (Supporting Information Figure S8). However, the
ratio of secondary electrons to parent ion intensity shows an
increasing trend with the mass of the protein (Figure 6a). Two
possible contributors to this are the reduced detection
efficiency (ion-to-electron conversion) of higher m/z ions, an
effect known to arise when using MCP-based detectors, and
the possibility of higher secondary electron yields per surface
impact with increasing m/z of the parent protein ion.*”

Figure 6b shows the relationship between the mass of the
protein and the difference between time-of-arrival of parent ion
and secondary electrons. The time-of-arrival measured at the
detector corresponding to the secondary electrons is the sum
of time taken by the primary beam to travel from pusher to
support plate and the surface emitted electrons to reach the
detector. Hence, an increasing trend in TOF difference
between parent and secondary electron with the size of the
protein is expected, which matches with the experimental
results.

B CONCLUSION

In this work, we have described the first implementation of a
TPX active pixel detector coupled to an ESI-equipped mass
spectrometer modified for high mass transmission. This new
experimental setup allows the detection and ion imaging of
multiply charged protein complexes of molecular weight in
excess of 800 kDa generated by native MS. By utilizing the
single-ion imaging capabilities of the TPX detector, the spatial
distribution of ions at the detector surface has been studied as
a function of various ion optical parameters. The combination
of both space- and time-resolved detection was critical to
understand the origin of a mysterious signal observed with high
entrance energies into the pusher as secondary electrons
produced by protein—surface collisions at the exit of the
reflectron. The unique imaging capability of TPX allows for
more detailed insight into the functionality of each ion optical
element within the mass spectrometer. This makes TPX a
suitable tool for the optimization of newly developed mass
spectrometers and allows for more direct comparisons between
the ion optics simulations and experimental data.
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This work supports previous studies highlighting the utility
of the TPX detector, and other similar detectors such as pixel
imaging mass spectrometry (PImMS) camera for simulta-
neously imaging of ions with different arrival times and for
studying ion optical processes.””®" Active pixel detectors are
demonstrated to offer significant advantages over traditional
charge-coupled-device-based approaches that are widely used
in ion imaging applications such as velocity map imaging.**®*

The TPX detector used for this work is limited by a
moderate time resolution (20 ns here, at best 10 ns) and
single-stop detection for each pixel that can bias the detection
of ions with a low TOF at high count rates. Future studies will
benefit from the implementation of the next generation
Timepix3 detector that among other advantages offers 1.56
ns time resolution, per-pixel multi-hit functionality and kHz
readout rates.”> %
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