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ABSTRACT: Here, we describe a digital-waveform dual-quadru- u‘%}‘g 16+ 16+

pole mass spectrometer that enhances the performance of our drift

tube FT-IMS high-resolution Orbitrap mass spectrometer (MS). WZ\I/%I;:I'm
The dual-quadrupole analyzer enhances the instrument capabilities quadrupole 1 Selection
for studies of large protein and protein complexes. The first -_—
quadrupole (q) provides a means for performing low-energy TV L |
collisional activation of ions to reduce or eliminate noncovalent m/z m/z m/z

adducts, viz., salts, buffers, detergents, and/or endogenous ligands.

The second quadrupole (Q) is used to mass-select ions of interest for further interrogation by ion mobility spectrometry and/or
collision-induced dissociation (CID). Q_is operated using digital-waveform technology (DWT) to improve the mass selection
compared to that achieved using traditional sinusoidal waveforms at floated DC potentials (>500 V DC). DWT allows for increased
precision of the waveform for a fraction of the cost of conventional RF drivers and with readily programmable operation and
precision (Hoffman, N. M. et al.. A comparison-based digital-waveform generator for high-resolution duty cycle. Review of Scientific
Instruments 2018, 89, 084101).

KEYWORDS: native mass spectrometry, Fourier-transform ion mobility-Orbitrap mass spectrometry, digital-waveform technology,
quadrupole mass spectrometry

Bl INTRODUCTION (EMR) mass analyzer affords high-mass resolving power (Rp)
of ions up to 20 000 m/z and, when combined with a variable
temperature (vT)-ESI source (T variable from $5—95 °C),
affords studies of the thermodynamics (AG, AH, and AS) of
protein/protein complex, folding/refolding, as well as ligand—
protein and ligand-protein complex interactions.'” Here, we
describe an additional modification to the PF-DT-FT-IMS-
Orbitrap, viz.,, incorporating a dual-quadrupole (qQ) mass
analyzer positioned between the vI-ESI source and the IM
drift tube, which further enhances our capabilities for structural
characterization of large proteins and protein complexes. The
first quadrupole (q) is operated as an ion guide (RF-only
mode) and can also be used for mild collisional activation of
the ions to remove unwanted adducted species (H,O, salts,
detergents, and charge reducing reagents). The second
quadrupole (Q) is used for mass selection and is operated

Studies of proteins, protein complexes, and noncovalent
protein—ligand interactions using native mass spectrometry
have expanded the structural biology toolbox. Often quoted
attributes ascribed to native MS are sensitivity and dynamic
range, which makes possible studies of reaction products,
including intermediates on the pathway from initial reactant to
final products.”” Native MS is highly complementary to the
traditional structural biology techniques, i.e. cryogenic
electron microscopy,”* X-ray crystallography,” and NMR
spectroscopy.””® While the working mass range, mass
resolution, and mass measurement accuracy for large 100
kDa and even MDa protein complexes have increased
dramatically over the past decade, there remain significant
challenges to developing advanced technologies for structure-
based MS studies that complement existing structure analysis

methods.”
We recently described an Orbitrap IM-MS instrument Received:  August 17, 2021
consisting of a periodic focusing drift tube (PF-DT) IM and Revised:  October 19, 2021

Accepted: November 12, 2021

Orbitrap mass analyzer specifically designed for studies of large
Published: November 19, 2021

proteins and protein complexes.'’”"> The PF-DT IM system
affords first-principle determinations of rotationally averaged
ion-neutral CCS,""'® and the Orbitrap extended mass range
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Figure 1. SolidWorks rendering of the nano-ESI dual-quadrupole FT-IM-PF-DT coupled to the HCD cell of a Thermo Exactive Plus Orbitrap with
Extended Mass Range (qQ-FT-IM-PF-DT-HCD Orbitrap) with the major components labeled and the applied DC potential gradient across the
instrument. The length of the DT is not to scale in the rendering, i.e., the vacuum box and qQ are enlarged to illustrate this device better; the DT,

8-pole, and other ion optics have been described previously."

using digital-waveform technology (DWT) developed in the
Reilly laboratory.'®™** The modular design of the instrument
allows for the installation of additional ion activation
techniques, such as surface-induced dissociation (SID),**~*’
electron transfer/capture dissociation (ETD/ECD),*® and
ultraviolet photodissociation (UVPD)***" prior to IM-MS
characterization. Collectively, the experimental versatility of
the (vT)-nESI-qQ-PF-DT-FT-IM-Orbitrap increases our
research capabilities for native-mass-spectrometry-guided
structural biology. Below, we describe these advantages and
the ability to analyze complex membrane protein complexes
throu%h removal of nonspecific adducts such as lipids and
salts.”® We demonstrate the ability of the DWT Q to select
individual charge states of protein complexes up to 12 500 m/
2.7%%7% Lastly, we show IM data and the ability to perform
complex-down sequencing and analysis of proteins. The new
capabilities of this instrument facilitate the ability to analyze
complex systems with its plethora of analysis methods afforded
by the modularity of the instrument design.

B EXPERIMENTAL SECTION

Methods. Human recombinant C-reactive protein (CRP, 1
mg in 140 mM NaCl, 20 mM Tris-HCl, 2 mM CaCl,, 0.05%
NaNj, at a pH of 7.5), ammonium transport channel, AmtB,
and GroEL were expressed and purified as previously
described.'”*'~* The proteins were buffer exchanged using
Micro Bio-Spin P-6 Gel Columns (Bio-Rad) into 200 mM
ammonium acetate, and working concentrations were adjusted
to 1to S uM. A S uL aliquot of protein was backloaded into
pulled borosilicate tips prepared in-house from borosilicate
capillaries (Sutter Instruments, BF150—86—10) using a
micropipette puller (Sutter Instruments, P1000).

Instrumentation. The PE-DT-FT-IM Orbitrap has been
described previously,'”™">'7 and the latest iteration of the
instrument, including the qQ module, is shown in Figure 1.
The qQ-PF-DT-FT-IM-Orbitrap configuration consists of a
reverse-entry ion source (REIS) that has been previously
described.* The REIS source is mounted onto an aluminum
vacuum chamber (designed and fabricated in-house). The
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vacuum chamber is divided into two differentially pumped
regions and pumped by a two-stage, split flow turbomolecular
vacuum pump (Pfeiffer TMH 261—250—010 P3P). The first
vacuum chamber (maintained at ~107 Torr) houses a 250
mm hyperbolic quadrupole (q) that is operated in a
transmission/focusing mode and can also be tuned for
collisional activation (CA). Collisional activation is achieved
by raising the potentials on all optics up to and including the
conductance limit into the q chamber; activation voltage is
defined as the potential difference between the previous
aperture and the quadrupole 1 DC bias. The ions exiting q are
guided to the second chamber by an octupole ion guide
constructed from 3.175 mm rods with a 4.75 mm r, measuring
47 mm in length and enter a 250 mm hyperbolic quadrupole
(Q) that is maintained at 10™*—1075 Torr. Q is used to mass-
select the ions by digital-waveform technology (DWT) as
described and developed by the Reilly laboratory.'*™** Both
quadrupoles are identical Thermo Fisher 4 mm r, hyperbolic
rods with pre- and postfilters (Part Number 80100—60109);
quadrupole pre- and postfilters were wired directly to the main
rods prior to use. All the experiments described below employ
the DWT operation of the Q MS. Ions exiting Q enter an
octupole ion guide (47 mm) and then transfer to a S5 cm PF-
DT maintained at pressures of 1—2 Torr of He. The DT-IMS
is operated in the FT-IMS mode as described previ-
ously.'>**™>" The ions exiting the DT enter a final octupole
ion guide and are transferred to the HCD cell of the Orbitrap
mass spectrometer, as described previously.'”

The DC voltages used in this work are provided by a
Modular Intelligent Power Sources (MIPS) system (GAA
Custom Engineering Kennewick, WA) and Ortec 710 Quad 1
kV power supply. Confining RF voltages for the ion funnel,
octupoles in the dual-quad system, and transfer octupole are
driven using MIPS RF High Q Heads at 200 V,,, 440 kHz, 200
V,, 650 kHz, 250 V,,, 700 kHz, respectively. The transmission
quadrupole “q” in the activation region is driven by a MIPS
Ultra RF head ~1.15 MHz 150—350 V,, tuned for each
system. The mass selection quadrupole (“Q”) utilizes a
custom-built comparison-based control system capable of a

https://doi.org/10.1021/jasms.1c00245
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Figure 2. (A) Total ion current (TIC) detected as the frequency of Q (85/15 duty cycle with a £10 V DC bias applied on rod pairs at 300 V,,) is
increased from 75 to 125 kHz. Frequency stepped in 1 kHz steps at the rate of 1 kHz per second in panel A to produce an m/z selection
chromatogram of quadrupole 2 (Q). (B) Extracted MS for the given frequency range shown in panel A. Full-ion transmission and isolation of a
single charge state for CRP (panel C), AmtB (panel D), and GroEL (panel E).

high-resolution duty cycle control designed by the Reilly
group,23 fabricated by PCBPrime (Aurora, CO), and
assembled at Texas A&M University. Briefly, digital-waveform
technology (DWT) utilizes two rectangular waves with a
varying duty cycle (defined as the percent in a given period
that the wave spends in the “High” versus “Low” state) to
manipulate ions on the Mathieu stability diagram. Isolation is
obtained by tuning the duty cycle to vary the resolution and
access higher stability zones and then sweeping the frequency
of the waveforms by making an ion of interest stable in both
the X- and Y-planes. This mode of mass selection has been
demonstrated by Opacic et al. for lysozyme (14.3 kDa
monomeric protein) by applying a 75% duty cycle to the X-
waveform and a 25% duty cycle to the Y-waveform (i.e, a 75/
25 duty cycle).”® This waveform allows mass analysis in
stability zone B, as previously described.”” DWT was
implemented due to the high electric fields pre-IM where the
DC bias of Q is elevated ~500 V above ground, without the
added cost or complexity of using a traditional high-mass
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sinusoidal quadrupole driver.”> The DC voltage is applied to
the quadrupole using a set of DC-RF coupling circuits
designed and fabricated by GAA Custom Electronics.

Data Processing. IM data files were processed as
previously described.'”'* Custom Python code utilized
multiplierz>® to process Thermo RAW files over the entire
acquisition. IM-MS data were obtained by deconvoluting
Fourier transform IM and converted from frequency to drift
time domains using SciPy”* and NumPy.>® The resulting set of
data is then imported into UniDec*® or Protein Metrics~ for
additional processing.

B RESULTS AND DISCUSSION

Previously, mass selection with DWT has only been
experimentally achieved for small, non-native proteins™® but
has been simulated for complexes approaching MDa
masses.”*">”?! In this work, the mass selection of individual
charge states for large protein complexes (>100 kDa) has been
effectuated. The overall performance of DWT for isolation of

https://doi.org/10.1021/jasms.1c00245
J. Am. Soc. Mass Spectrom. 2021, 32, 2812—-2820


https://pubs.acs.org/doi/10.1021/jasms.1c00245?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.1c00245?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.1c00245?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.1c00245?fig=fig2&ref=pdf
pubs.acs.org/jasms?ref=pdf
https://doi.org/10.1021/jasms.1c00245?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Society for Mass Spectrometry

pubs.acs.org/jasms

Research Article

(A)

14+

155V
R=1199

|

64+

(B)
l 15V

l

Lo Jil

i R =246
| "“l‘ T

75V
R =695

IS S S L R R R R R

125V
R=1102

150V
R=1127

T T T 7 J T T 717

monomer 200 V

R =1146

MITINN NN
I ' I T

T T T I T 1 N T T T T T T I ! 1

T T T T . T T T T 1

T
2500 5000 7500 10000 12500 15000 17500 20000 2500 5000 7500 10000 12500 15000 17500 20000

m/z

m/z

Figure 3. Mass spectra illustrating how mild collisional activation in the q of the qQ-FT-IM-PF-DT Orbitrap can be used to remove adducted
species (salts, endogenous lipids, and other small molecules) from (A) the trimeric ammonia transport channel (AmtB, 127 kDa) and (B) GroEL
(801 kDa, tetradecamer (n = 14)). The collision voltages indicated refer to the potential differences between the exit of the ion funnel and the time-
averaged DC potential of the activation quad, q at various DC potential drops. Collisional activation in q may produce non-native state ions;
whether this occurs or not can be assessed by using ion mobility, as shown in panels B and C of Figure 4. The resolution (denoted R based on
fwhm) for the most abundant charge state is listed in each panel. The insets in (B) more clearly illustrate the higher resolving power following

collisional activation in q for the GroEL tetradecamer.

single charge states of C-reactive protein (CRP), membrane
protein ammonium transport channel (AmtB), and type 1
chaperonin GroEL is illustrated by data shown in Figure 2.
This data was collected using a highly asymmetric duty cycle of
85/15 to generate the waveform in Q. Transmission for all ions
is generally achieved at a 50/50 duty cycle; more asymmetric
duty cycles (such as 60/40, 75/25, 85/15) produce a
narrowing window of stability in the m/z dimension. The
positioning of this selection window in the m/z dimension is
controlled by the DWT frequency applied to Q, as reported
previously.”” Thus, scanning the frequency of a requisitely
narrow stability window should give rise to individual charge
states as a function of the applied frequency in the DWT.
Figure 2A exhibits this frequency scanning procedure for a
sample of CRP scanned from 75 to 125 kHz. Note the low
abundance of the total ion current (TIC) at low frequencies
(75 kHz), which indicates the low-mass cutoff (LMCO) is
above the lowest charge state of the decamer, resulting in no
ion transmission. As the frequency increases, stability zones are
reached to allow for the transmission of the CRP decamer
charge state distribution. These signals then dissipate as the
frequency increases, signifying that the frequencies in the
middle of the plot do not stabilize any of the observed species.
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Around 100 kHz in Q, the first signals for the CRP pentamer
begin to appear; each of the subsequent peaks in Figure 2A are
a result of stabilizing individual charge states for the CRP
pentamer (m/z 5008 (23%), m/z 4779 (24%), m/z 4609 (25%),
respectively). The TIC peaks are extracted and displayed as
mass spectral plots in Figure 2B, demonstrating the selection of
individual charge states in Q.

Isolation of other model protein complexes is executed by
repeating the frequency sweep for selecting a single CRP
charge state. Figure 2C—E illustrates the selection capabilities
of Q using model protein systems CRP, AmtB, and GroEL.
With the isolation of a single-charge state for these complexes
and with support by previous theory, evidence suggests that
the (3,1) stability zone (the intersection of the third stability
zone along the X-axis and first stability zone on the Y-axis) can
be accessed without a significant loss in throughput or
sensitivity.”® Collectively, the data shown in Figure 2 illustrate
the isolation of a single charge state of native protein
complexes CRP (115 kDa), AmtB (127 kDa), and GroEL
(801 kDa), thereby making it possible to perform more
detailed experiments, IMS, CID, both top-down and complex-
down, on specific charge states of proteins and protein
complexes.

https://doi.org/10.1021/jasms.1c00245
J. Am. Soc. Mass Spectrom. 2021, 32, 2812—-2820
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The performance of the qQ-FT-IMS-Orbitrap mass
spectrometer was evaluated using protein complexes that
illustrate specific requirements for a variety of native MS
research projects. Native mass spectra of membrane protein
complexes contain abundant signals that arise from nonspecific
adducts, i.e., detergents and/or salts on the protein carried over
during the ESI process.’”*® The qQ quadruple system is used
to implement mild collisional activation of complexes to
remove these adducted species. For example, AmtB is a
membrane protein that requires solubilization in detergent
micelles for MS compatibility.*>**°'~® Figure 3A contains the
mass spectrum of AmtB with the detergent micelle CgE,
(tetraethylene glycol monooctyl ether) and other adducts
prior to collisional activation.*® Increasing the potential drop
between the ion funnel to 55 V provides sufficient collisional
activation to remove some of the adducted molecules.”” A
further increase in the collision energy provides more narrow
peaks and shifts in the average charge states. Similar effects of
mild activation are observed for GroEL (Figure 3B), where
initially endogenous adducts are bound to GroEL at low
activation voltages (e.g,, 15 V).'"%" As the activation voltage is
increased to 125 V for GroEL, the nonspecific adducts are
removed. The activation in q results in baseline-resolved
charge states shown by the resolution increase from 246 to
1102 at 15 and 125 V, respectively. However, as activation
energy increases beyond 125 V, the GroEL tetradecamer
dissociates to form monomers and tridecamers at low
abundance.

Increased activation energy raises concerns regarding
possible structural rearrangements that may occur, specifically
collision-induced unfolding (CIU). Note changes in the peak
profiles for GroEL (Figure 3B) that show shifts to a higher
average charge state (Zavg) when the activation energy is
increased. At 15 V of activation, the average charge state—as
measured by UniDec—is calculated to be 64.63%, compared to
Z g shifts to 65.88" at 125 V. The shifts in Z,,, could occur by
loss of negatively charged adducts that might also be
accompanied by structural changes.

Questions regarding possible CIU accompanying collision
activation are better answered by experimental CCS measure-
ments. Data shown in Figure 4A were collected using DT field
strengths of 5.80 V-em 'torr™' and in He bath gas as
described previously.'' The CCS for the CRP pentamer and
decamer ions of 6.3 nm* (23*) and 8.9 nm* (31*) formed using
low collisional activation conditions (20 V) are consistent with
measurements reported by Wysocki et al. (see the SI for a
complete list of CCS values).” Figure 4B contains ATD vs m/
z plots for the GroEL tetradecamer obtained using an
activation voltage of 100 V; under these conditions, the intact
GroEL,, ions do not appear to be broadened by the presence
of adducts. The measured CCS value of 225.1 nm?* (64%, 200
mM ammonium acetate buffer) obtained using a field strength
of 4.54 V-em™"torr™" is ~5.9% smaller than the previously
reported value of 239.2 nm>"" While these differences may be
interpreted as evidence that collisional activation promotes
conformational changes, we feel this interpretation is
premature and must be explored further. All previously
reported CCS values for GroEL were obtained for ions that
are known to have unknown numbers of adducts, salts, small
molecules, possibly including water; consequently, these
discrepancies may be due solely to the presence of endogenous
adducts. Another consideration is the differences for the
measured (807 kDa) and predicted mass (801 kDa) of the
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Figure 4. Mass spectra and IMS arrival-time distribution plots for (A)
pentamer and decamer complexes of C-reactive protein (CRP) and
(B) the tetradecamer GroEL chaperone.

GroEL complex—a small error of ~1%. Further studies using
both single-domain proteins and protein complexes are
currently underway.

Complex-Down Characterization of a Protein Com-
plex (C-Reactive Protein (CRP)). The configuration of the
instrument provides additional avenues for structural native
MS.”>”! For example, activation in q can be used to dissociate
protein complexes thereby forming (n — x) oligomers and
even monomers, and these products can be analyzed by either
ion mobility or by CID in the HCD cell of the Orbitrap MS.
Figure SA contains CID products obtained using a range of
activation voltages in q. Using mild activation energies (~15
V), the mass spectrum of CRP contains abundant ions
corresponding to the native, intact pentamer of CRP (115
kDa) and low-abundance signals for the decamer. Increasing
the activation voltage to 5SS V promotes dissociation of both
the CRP pentamer and dodecamer into the respective
monomer and tetramer ijons and further increases in the
activation voltage (105 and 1SS V), producing monomer,
tetramer, and nonomer ions. Mass selection of the specific CID
products formed in q can be performed by DWT operation of
Q, and the mass-selected ions can then be analyzed by CID in
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Figure 5. Complex-down characterization of the CRP. (A) The native MS spectrum of CPR is shown in the top panel, and each of the panels
below contains mass spectra resulting from collisional activation (at the indicated voltage) of the ion populations in the panel above. Panel (B)
contains the mass spectrum obtained by using DWT to mass-select the CRP monomer (24" pentamer ion), and panel (C) contains the top-down
mass spectrum of the mass-selected ion shown in panel (B). The amino acid sequence of CRP is shown, and the sequence informative fragment ion

is labeled accordingly in panel (D).

the HCD cell of the Orbitrap MS (resolving power setting:
140000 at 200 m/z), illustrated in Figure SB—D. The
fragment ions formed in this manner, a pseudo-MS3 sequence,

57 and

were deconvoluted using UniDec,’® ProteinMetrics,
ProSite Lite’” to achieve top-down sequencing of the protein.
This approach provided ~21% sequence coverage for the 10"
monomer ions, where 80% of the detected fragments are
assignable. The sequence coverage for the 12" monomer ions
increased to 31%, with 85% assigned fragments (data not
shown). The mass resolving power of the Orbitrap mass
analyzer, which provides isotopic resolution, affords higher

confidence for assignments of the high-charge fragments.73

B CONCLUSIONS

A high-resolution digital-waveform programmable dual-quad-
rupole FT-IM Orbitrap is described, and capabilities of this
approach for activation and mass selection for IM-MS analysis
and complex-down analysis of large protein complexes are
demonstrated. The ability to perform collisional activation of
ions formed by native ESI prior to mass filtering to desolvate
and remove nonspecific adducts is demonstrated for a
membrane protein complex (AmtB, 127 kDa) and a chaperone
protein complex (GroEL, 801 kDa). Operating quadrupoles at
high DC voltages is challenging owing to safety concerns and
the high cost of RF drivers; however, these complications are
alleviated using modern digital-waveform technologies. Addi-
tional activation techniques (e.g, CID, ECD/ETD, and SID)
can be added to this platform to expand the current platform
to probe subunit interfaces. Notably, for the first time, DWT
has been shown to transmit, isolate, and filter large protein
complexes (approaching the MDa size) supporting the
previously described theory.>®
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