1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Anal Chem. Author manuscript; available in PMC 2020 March 05.

Published in final edited form as:
Anal Chem. 2019 March 05; 91(5): 3611-3618. doi:10.1021/acs.analchem.8b05605.

-, HHS Public Access
«

Surface-Induced Dissociation of Noncovalent Protein Complexes
in an Extended Mass Range Orbitrap Mass Spectrometer

Zachary L. VanAernum®#, Joshua D. Gilbert®*, Mikhail E. BelovP, Alexander A. Makarov®,
Stevan R. HorningP, and Vicki H. Wysocki?

aDepartment of Chemistry and Biochemistry, The Ohio State University, Columbus Ohio 43210,
USA.

bThermo Fisher Scientific, Bremen Germany

Abstract

Native mass spectrometry continues to develop as a significant complement to traditional
structural biology techniques. Within native MS, surface-induced dissociation (SID) has been
shown to be a powerful activation method for the study of non-covalent complexes of biological
significance. High-resolution mass spectrometers have become increasingly adapted to the
analysis of high-mass ions and have demonstrated their importance in understanding how small
mass changes can affect the overall structure of large biomolecular complexes. Herein we
demonstrate the first adaptation of surface-induced dissociation in a modified high-mass range,
high-resolution Orbitrap mass spectrometer. The SID device was designed to be installed in the Q-
Exactive series of Orbitrap mass spectrometers with minimal disruption of standard functions. The
performance of the SID-Orbitrap instrument has been demonstrated with several protein complex
and ligand-bound protein complex systems ranging from 53 to 336 kDa. We also address the effect
of ion source temperature on native protein-ligand complex ions as assessed by SID. Results are
consistent with previous findings on quadrupole time-of-flight instruments and suggest that SID
coupled to high-resolution MS is well-suited to provide information on the interface interactions
within protein complexes and ligand-bound protein complexes.
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Introduction

Elucidating information about the quaternary structure of biological macromolecular
complexes is central to our understanding of biological functions.! While x-ray
crystallography, NMR and cryo-electron microscopy are considered the dominant analytical
techniques in structural biology, native mass spectrometry has proven itself as an important
complementary technique.2=* Although the three former techniques can often obtain atomic
resolution structures, native MS carries advantages in sensitivity, speed, tolerance of sample
and/or structural heterogeneity, and tolerance of a wide range of molecular sizes. In the field
of native MS, time-of-flight (TOF) MS emerged early on as the method of choice for mass
analysis.>® This is due in part to the inherently broad mass range of the TOF mass analyzer
which makes it an obvious choice for the study of large biomacromolecules. Although the
TOF analyzer served native MS extremely well for over a decade, higher resolution
instruments equipped with Fourier transform ion cyclotron resonance (FT-ICR) or
Orbitrap™ mass analyzers have become increasingly amenable to the analysis of large
biomolecules.”~2 Advancements in native MS with Orbitrap platforms have demonstrated
the potential of studying systems ranging to the megadalton scale at high-resolution.10.11

While important information about a multi-subunit complex such as molecular weight,
binding kinetics, etc. can be determined from an MS experiment, the native MS toolbox is
further extended through tandem MS (MS/MS) experiments. The power of native MS/MS
stems from the ability to introduce non-covalently linked macromolecular complexes into
the gas phase, select a specific ion (oligomeric state, ligand-bound state, etc.) and
subsequently dissociate that species into subcomplexes prior to mass analysis. This
workflow allows the determination of subunit identity, composition, stoichiometry,
connectivity, topology, as well as ligand identity, stoichiometry, and binding location within
a biomacromolecular complex.12-14 A wide range of activation techniques are utilized to
probe the structure of protein complexes, each with its own advantages. Collision-induced
dissociation (CID) is the most common activation method, as it comes standard on almost all
commercially available tandem mass spectrometers. CID involves accelerating ions through
a collision cell filled with inert gas such as nitrogen, with enough energy to induce
fragmentation of the ion.1® Subjecting protein complexes to this multi-step, incremental
energy deposition generally results in the unfolding/restructuring of the complex and
ejection of a highly charged monomer, leaving behind the complementary (n-1)mer with a
disproportionately low charge with respect to mass.16-18 Such experiments can be leveraged

Anal Chem. Author manuscript; available in PMC 2020 March 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

VanAernum et al.

Page 3

to gain information on stoichiometry and gas phase stability of a given complex.1519
Electron transfer and electron capture dissociation (ETD, ECD) techniques have also been
used, often resulting in backbone cleavages within a protein complex which can be useful
for surface mapping and proteoform sequencing,’20-22 and less commonly leading to direct
dissociation of the non-covalent complex.23 Ultraviolet photodissociation (UVPD) has
similarly been shown to provide sequence information of protein subunits within a complex
and has also been demonstrated to break noncovalent interactions between subunits to yield
subcomplexes.24-26

Surface-induced dissociation (SID) has emerged as a powerful collision-based activation
method for probing protein complex structures in the gas phase, yielding fragmentation that
provides information complementary to that gained from the activation methods mentioned
previously.2” Rather than subjecting ions to multiple low-energy collisions with background
gas, SID experiments direct ions into an inert, rigid surface to impart energy into the analyte
in a single, high-energy step. SID generally results in a more symmetric partitioning of
charge in the produced subcomplexes relative to CID28 and UVPD.26 As observed using ion
mobility (IM)-MS instruments, subcomplexes generated via SID are generally compact after
dissociation, with collision cross sections reflective of the biomolecular (sub)structures.2?
Additionally, SID of ligand-bound protein complexes often results in subcomplexes with
ligands retained in the binding pocket, which is often not the case for CI1D.30:31 These

features make SID a useful tool to probe biomolecular complexes without solved structures.
32-34

Until recently, work involving SID of protein complexes has largely been carried out on
TOF platforms.35:36 With growing utilization of native MS for structural characterization of
protein complexes, it has become apparent that greater mass resolution is often desirable and
allows for a deeper insight into a given biological system. For example, measurement of
mass shifts resulting from post-translational modifications and/or the binding of small
ligands or cofactors becomes possible at the protein complex level at sufficient resolution.
37.38 Each type of mass analyzer (TOF, FT-ICR, Orbitrap) has advantages and disadvantages,
and the choice of instrument will often depend on the question being addressed. Our group
has recently demonstrated SID on an FT-ICR platform, achieving unparalleled mass
resolution of SID-generated subcomplexes.3° However, we believe that activation methods
such as SID should be vendor and platform neutral and that SID on Orbitrap platforms
optimized for increased m/z range will also be beneficial to mass spectrometry users.

Herein, we present a combination of surface-induced dissociation and high-resolution mass
analysis as applied to the study of protein complexes. An Exactive™ Plus Extended Mass
Range (EMR) Orbitrap instrument (Thermo Fisher Scientific, Bremen, Germany), modified
with a high-mass quadrupole filter, was fitted with an SID device inspired by previous
designs described in works by Wysocki et al.3538 As with previous designs, the new device
enables the instrument to perform SID experiments without interrupting the capability or
performance of MS-only and CID experiments. The SID-Orbitrap platform was tested using
several protein complexes with known quaternary structure. The resolving power of the
Exactive Plus EMR platform was displayed through scrutiny of fragmentation products,
revealing disparate oligomeric states of subunits that overlap one another in nominal m/z
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space and bound ligands retained through the SID process. Clear assignment of this nature
was not possible in previous TOF studies without the assistance of IM.30 Additional work
investigating the localization of ligand binding by SID using the instrument described here
was recently published and highlights additional applications and capabilities of the SID-
Orbitrap instrument.31 The work presented here expands upon the utility of FT-based mass
analysis in the field of native MS.

Experimental Section

SID Device Design

An SID device 4 cm in length was designed to replace the short multipole between the
selection quadrupole and the C-trap in the modified EMR platform (Figure 1a—c).
Importantly, this design will allow the device to also be used on the Q Exactive line of mass
spectrometers, including the Q-Exactive UHMR instrument. The electrode assembly was
designed in Autodesk Inventor and its performance was optimized using SIMION 8.1
software. Initial simulation parameters were chosen to reflect reasonable kinetic energy
distributions and spatial distributions of precursor ions to better represent the ion beam
within the mass spectrometer. Precursor and product ions were simulated using charge and
mass values previously observed from SID experiments on various instrument platforms. An
initial kinetic energy of 30-100 eV for precursor ions entering the SID device was used to
simulate surface collisions over a range of lab frame energies. Because dissociation of
precursor ions may occur after collision with the surface and before or after exiting the SID
device, transmission of both precursor and product ions was considered following surface
collisions. Upon collision with the surface, ions representative of product and precursor
mass and charge values were formed, with kinetic energies ranging between 5-20% of the
initial precursor Kinetic energy. Collisions with background gas were not considered.

Fabrication of the device was carried out in-house by the OSU Department of Chemistry and
Biochemistry machine shop, using aluminum for all electrodes and polyether ether ketone
(PEEK) polymer to mount and properly space the electrodes. The original ion path remains
unobstructed to allow for minimal impact on MS only (i.e. no activation) experiments as
well as CID (HCD) experiments. When SID is desired, the front-end electrodes of the SID
device are tuned to direct ions to the surface at the top of the device. A detailed description
of the surface used for collisions can be found elsewhere.3® Briefly, a glass surface was
coated with a 10 A titanium layer, a 1000 A gold layer, and subsequently modified with a
fluorocarbon self-assembled monolayer. Detailed drawings, and voltages applied to the SID
device can be found in Figure S1.

Mass Spectrometry

All experiments were carried out on an Exactive Plus EMR instrument that had been
previously been modified with a high-mass quadrupole filter that replaced the original
transfer multipole, similar to the modifications presented by Dyachenko et al.*? All samples
were ionized via static nano-electrospray ionization using in-house pulled borosilicate
capillaries and supplied with voltage via direct contact with a platinum wire. MS-only and
CID experiments remained widely unaffected by the presence of the SID device in the
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instrument. In transmission mode, voltages are applied to the entrance and exit lens stacks
on the SID device to assist with ion beam focusing between the quadrupole and the C-trap.
A small loss of transmission is observed due to the lack of the rf-confining multipole;
however, it should be noted that the SID device remains installed on our instrument without
negatively affecting MS-only or CID experiments. Voltages applied to ion transfer optics
throughout the mass spectrometer, and HCD cell pressure, were adjusted to obtain optimal
ion transmission while minimizing unintentional ion activation. Unless otherwise noted, CID
was performed in the HCD cell, and all spectra were collected at 17,500 resolution as
defined at 200 m/z. Quantitation of ligand-bound species and average charge state
calculations were conducted using Protein Metrics Intact Mass deconvolution software*! and
peak area integration respectively.

SID is accomplished by applying repulsive and attractive DC voltages to the front bottom
and front top lenses respectively to guide the ion beam to the surface for collisions.
Subsequently, the ion beam is extracted off the surface and guided into the C-trap region by
the rear lenses within the SID device. Voltages applied to the SID device are provided from a
ten channel DC power supply (Ardara Technologies, Ardara, PA). Detailed SID device tune
settings for MS and MS/MS experiments can be found in Table S1. The fragment ions
produced by SID can be trapped in the C-trap or allowed into the HCD cell for collisional
cooling before returning to the C-trap region to be injected into the Orbitrap mass analyzer.
The SID acceleration voltage is defined as the difference between the first SID entrance lens
and the surface. The SID voltage range is afforded by applying a negative voltage to the C-
trap DC offset during ion injection and accordingly increasing the available AV between SID
entrance lenses and the surface (Figure S2a—b). To achieve higher energy SID capabilities, a
modification to the ion optics board on the EMR instrument was required. Specifically, the
voltage for the C-trap DC offset during ion injection steps had to be supplied by an external
power supply to allow a larger range of voltages that can be applied to the C-trap offset
during ion injection, and therefore increase the acceleration voltage range of SID up to
approximately 235 V. To increase the ease of use of the instrument, we designed a circuit
that allows the user to switch between the on-board power supply for MS and HCD
experiments, and the external power supply for SID experiments (Figure S2c). It should be
added that these modifications are relatively unobtrusive to the instrument and can be easily
removed to produce a standard configuration, although removal of the SID device is not
necessary for typical MS and CID experiments.

Protein complexes that have previously been characterized by SID in Q-TOF platforms,30:42
were chosen to demonstrate the SID capabilities of the Orbitrap instrument modified in this
work. Streptavidin (SA) was purchased from Thermo Scientific™ Pierce™ (Rockford, IL,
USA) and glutamate dehydrogenase (GDH) from bovine liver was purchased from Millipore
Sigma (St. Louis, MO, USA). The protein samples were buffer exchanged into 100 mM
ammonium acetate using Micro Bio-Spin P6 spin columns with a 6 kDa cutoff (Bio-Rad,
Hercules, CA, USA), and subsequently adjusted with triethyl ammonium acetate (TEAA,
Millipore Sigma) to a final buffer concentration of 80 mM ammonium acetate/20 mM
TEAA. The addition of TEAA is used as a charge reducing reagent as it has been shown that
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reduced-charge precursor ions generally produce subcomplexes by SID that are more
reflective of the complexes’ native structure.*3 Protein concentrations were measured by
A280 using a Nanodrop™ 2000C spectrophotometer (Thermo Fisher Scientific, Wilmington
DE, USA). The samples were diluted to a protein complex concentration of 2 uM (SA
tetramer) and 5 uM (GDH hexamer) for mass spectrometry experiments. Streptavidin-biotin
binding experiments were performed under identical conditions, with biotin (Millipore
Sigma) added to make a 1.5:1 biotin to streptavidin monomer molar ratio.

Results and Discussion

Streptavidin

Streptavidin serves as a model system for SID experiments. It is a 53 kDa D2 symmetric
homotetramer, consisting of subunits arranged as a dimer of dimers (Figure 2a). Upon
activation by CID, streptavidin tetramer dissociates into highly charged monomers and
relatively low charged trimers (Figure S$3).44 This behavior where one subunit unfolds and
takes with it a disproportionally large amount of charge is typical of CID due to its multistep
energy deposition process.16-18 Importantly, this dissociation result from CID does not
support the known dimer of dimers subunit arrangement. In contrast, previous work has
shown that SID of streptavidin tetramer results in the production of dimers at low energy,
and monomers at high energy, consistent with the interface areas and complex geometry
determined by crystal structure.30

Charge states 11+ through 9+ are dominant for streptavidin tetramer that is ionized from
ammonium acetate: TEAA solution. The 11+ charge state was selected using the quadrupole
mass filter, and fragmented by SID (45 V, 495 eV) forming primarily dimers of charge state
5+ and 6+ (Figure 2b, c). Some ambiguity of product assignment in past SID experiments
with TOF platforms has been resolved with the use of ion mobility to separate oligomeric
states that overlap in /7/z space (e.g. 3+ monomer and 6+ homodimer). In this instance, the
high-resolution capabilities of the Orbitrap analyzer allowed for the direct observation of
two SID products that overlap in nominal 77/z space. Figure 2d shows the same 45 V (495
eV) SID spectrum recorded at high-resolution (140,000 resolution setting, 512 ms transient)
displaying two isotope distributions over the same nominal m/z range, indicating the
presence of 3+ monomers and 6+ homodimers. It should be noted that for higher resolution
measurements, the intensities of higher order oligomers are artificially decreased relative to
monomers due to loss of coherence of the ion packet within the Orbitrap analyzer from
increased collisions with background gas for the species with larger cross sections and
higher charge.*® In fact, this phenomenon is so apparent that Sanders et al. have leveraged
the transient decay rate of protein ions in the Orbitrap to make collision cross section
measurements.*® For this reason, we use low resolution (8,750-35,000 as defined at 200
my/2) for acquisition of protein complexes, and only use higher resolution for specific
questions (i.e. small ligand binding, PTMs, etc.) being careful not to draw conclusions from
the intensities of species at high-resolution.

The bias favoring lower oligomeric states at high resolution is easily observed by comparing
isotope distributions at high resolution in Figure 2d to a zoomed-in perspective of the 3+
monomer and 6+ dimer from a lower resolution measurement in Figure 2e. While isotope
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distributions are no longer available at lower resolution, the presence of multiple oligomeric
states can still be detected by examining the abundance of unremoved N-terminal
methionine (Met) and sodium adducts on each signal. Streptavidin subunits can have
incomplete Met removal on the N-terminus during protein expression, resulting in an
observable distribution of peaks spaced by 131 Da.#” A given oligomeric state of
streptavidin will retain zero to 7 non-cleaved Met residues (with nindicating the oligomeric
state). Although +3 monomer and +6 dimer overlap in m/z space, dimer with one N-terminal
methionine can easily be differentiated from monomer with one N-terminal methionine.
Furthermore, the presence of sodium adducts on each species can also be used to estimate
the amount of dimer and monomer present in the SID spectrum (Figure 2e). Using this
approach to assign oligomeric states of SID products, we observed that the ratio of
streptavidin dimer to monomer is greater at lower resolution than at higher resolution. This
bias as a function of transient time is even more obvious when comparing the SID products
of 11+ streptavidin over a range of SID energies at both low and high-resolution (Figure S4).

lon source temperature effects

Great emphasis in native MS lies in the retention of the physiological structure/structural
features of proteins and protein complexes during analysis by using gentle instrument
conditions for ionization, ion transfer and detection. Unfortunately, as a result of such gentle
instrument conditions, native ions have an increased tendency to carry adducts from non-
volatile salts and buffers. Excessive adducting often reduces the “apparent resolution” of the
instrument far below what is attainable under denaturing conditions.*® The source region on
the Exactive line of instruments is often held at relatively high temperature (200-250 °C) to
improve sensitivity and declustering of the ions as they enter the mass spectrometer.
Although this drastically improves the apparent resolution and sensitivity of the instrument,
it is often a concern that high source temperatures may result in restructuring of ions,*?
similar to what has been observed at low collision-induced dissociation energies.>% Here we
use SID in an attempt to determine if high ion source temperatures affect the structure of
protein complex ions.

In previous studies, SID has been shown to differentiate between native-like ions and ions
that have undergone gross structural changes (i.e. collapse, expansion) via pre-activation of
the precursor ions, prior to dissociation.>! Notable differences in SID fragmentation were
observed when precursor ions were activated prior to SID when compared to fragmentation
without pre-activation. This same sensitivity to pre-activation is observed with the new SID
device within the Q-Exactive EMR platform, as expected — SID measures the system as it is
presented, providing dissociation patterns that vary with extent of pre-activation.

We chose to use the interaction of streptavidin tetramer with biotin to determine if ion source
temperature affects the structure of the streptavidin tetramer. The streptavidin-biotin
interaction is primarily mediated through hydrogen bonding and van der Waals interactions,
although interactions with aromatic interactions also play a role.>2 Previous studies have
suggested that the solution-specific interactions between streptavidin and biotin are largely
preserved upon introduction into the gas phase.>3 When streptavidin tetramer bound with
four biotin ligands was analyzed over a range of ion source temperatures, it was observed
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that tetramer with four bound biotin was the dominant species even at source temperatures
up to 300 °C (Figure 3a, S5). In dissociation experiments, 11+ streptavidin tetramer was
selected and subjected to 30 V (330 eV) of SID. As with previous reports, dimer products
were observed both with and without biotin retained (Figure S6).39:39 The Orbitrap EMR
platform provides baseline resolution of the apo and holo species in /7/z space, allowing for
easy relative quantitation of ligand retention. The same SID experiment was performed with
ion source temperatures ranging from 120 to 300 °C, resulting in a greater loss of biotin
from SID products as the ion source temperature was increased (Figure 3b, Figure S6). In
contrast, even at the lowest ion source temperatures, when the 11+ streptavidin-biotin
tetramer ion is subjected to CID, the biotin is completely lost before subunit dissociation
occurs and exclusively apo-monomer and apo-trimer are observed at higher CID energies.
(Figure S7). Interestingly, the symmetry of charge partitioning of SID products does not
significantly change as a function of ion source temperature, in contrast to an increase in
asymmetric charge partitioning that might have been expected if significant structural
changes had occurred. (Figure S8). To determine if the loss of the biotin ligand could be an
effect of precursor ion energy rather than a gross structural change, we collected SID spectra
of 11+ streptavidin-biotin tetramer at additional SID energies with an ion source temperature
of 120 °C (Figure 3c, S9). These results made it obvious that biotin retention is drastically
affected by the energy of the ion-surface collision process, with almost complete biotin loss
observed at SID energies of 550 eV (50 V). As no significant increase in asymmetric charge
partitioning of the SID produced dimers is observed at high ion source temperatures, it is
possible that the loss of biotin at high source temperatures is due to increased vibrational
energy of the precursor ion prior to SID, and not necessarily a significant structural change
during pre-activation. This finding is consistent with gross structure retention at elevated
source temperature as presented in a recent publication that describes the use of the SID-
Orbitrap EMR instrument to monitor ligand retention in protein complexes.3! Although we
do not observe evidence of any gross structural changes during the pre-activation step,
further investigations will need to be completed to fully understand the complex-dependent
effect of ion source temperature on the structure of native protein complexes in the Exactive
line of mass spectrometers. Further technological advances such as the implementation of
ion mobility on the Exactive mass spectrometers may be critical in this understanding.>4

L-Glutamate Dehydrogenase

Bovine glutamate dehydrogenase (GDH) is a 333.6 kDa homohexameric enzyme arranged
as a stacked dimer of trimers with a coiled antenna protruding from and stabilizing each
trimer.5556 Previous studies have shown that GDH is difficult to dissociate in the gas phase
by CID, often requiring high CID energies, and high precursor charge states, resulting in the
ejection of an unfolded monomer that is not representative of the initial subunit arrangement.
42,57 |n contrast, it has previously been shown that SID of GDH hexamer on a Q-IM-TOF
platform primarily resulted in the dissociation of GDH hexamer into trimers with secondary
dissociation into monomers.#2 Furthermore, Ma et al. showed that under charge reducing
conditions (addition of TEAA), the trimers and monomers produced from SID of GDH
hexamer remain compact and have collision cross sections similar to those expected for
native-like GDH subcomplexes clipped from the crystal structure of hexamer. These results
show that unlike CID, SID can be used to elucidate the topology of GDH hexamer.
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Nanoelectrospray of GDH hexamer in ammonium acetate: TEAA solution results in a charge
state distribution with the 27+ charge state as the dominant peak (Figure S10a). Under these
charge-reducing conditions, the maximum CID acceleration voltage of 200 V on the EMR
platform does not result in dissociation of the 28+ hexamer, but instead only leads to minor
charge stripping (Figure S10b). In contrast, subjecting the 28+ GDH hexamer to 175 V
(4,900 eV) SID yields abundant trimer and a bimodal charge state distribution of monomer
subcomplexes, as well as charge stripped hexamer (Figure 4a) The presence of
symmetrically charged trimers supports the hypothesis by Ma et al. that GDH fragments by
SID to form trimers without significant structural rearrangement.*2 Higher energy SID (235
V, 6,580 eV) results in an increase in the low-charged monomer distribution, (Figure 4b). It
is unsurprising that the monomer ions do not exhibit the symmetric charge partitioning
typical of SID products, as the intertwined sections of each monomer need to unravel prior
to dissociation. We hypothesize that the higher charged monomers likely originate from
direct dissociation of hexamer to monomer and pentamer, where the complementary
pentamers are not detected due to decreased transmission at high 7/zin the EMR
instrument. It is possible that the lower charged monomers are a result of secondary
dissociation from trimers, or that they are a product of a different gas-phase conformation of
the hexamer ions. These results suggest that the major products of SID reflect the topology
of GDH hexamer, as the interactions between the trimer-trimer interface are broken at
moderate energies, and the interactions between individual subunits within the trimer that
are strengthened by the coiled helical tails present within each trimer are broken at higher
energies. The discrimination of high m/z products on the EMR instrument is expected to be
less of a problem on the recently-released Q Exactive UHMR instrument and this will be
tested and reported once we have optimized SID in that instrument. In addition, the high-
resolution capabilities of the Orbitrap instrument allow easy assignment of GDH
subcomplexes without the use of additional methods such as ion mobility.

Conclusions

SID has been implemented in place of the transfer multipole in an Exactive Plus EMR
Orbitrap instrument that has also been modified with a quadrupole mass filter. The SID
device can be operated in place of the transfer multipole for ion transmission or can be used
for surface collisions. Importantly, the SID device does not significantly affect ion
transmission during CID or MS-only experiments, allowing the device to remain installed in
the instrument for non-SID experiments. Well-studied multimeric protein and protein-ligand
model complexes with different overall structures were successfully fragmented by SID and
compare favorably with results previously acquired on time-of-flight platforms. The high
mass resolving power inherent to the Orbitrap platform makes it possible to resolve
oligomeric states with different mass and charge states that overlap in nominal 7/z space by
directly resolving the isotope envelope of each species. Furthermore, the extent of ligand
binding to protein that was previously difficult to determine in SID experiments performed
on TOF platforms is now clearly identifiable. The SID-Orbitrap platform has the potential to
probe the effects of small ligands or protein modifications on the overall structure and
stability of biomacromolecular complexes and is a powerful combination for the study of
biomolecules of unknown structures.
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(a) Technical drawing of the SID device with mounting brackets. (b) A simplified cross-
section depiction of the SID device showing a right-to-left ion trajectory in SID mode. (c) A
diagram of the modified EMR platform with the prototype SID device installed between the

quadrupole and C-trap.
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Figure2.
() Interface areas of streptavidin tetramer as determined by PISA analysis (1SWB).%8 (b)

Mass spectrum of streptavidin tetramer under charge reducing conditions. (c) SID spectrum
(45 'V, 495 eV) of the 11+ tetramer. (d) A zoomed-in segment of (c) at 140,000 resolution
setting, revealing the isotope distributions of 3+ monomer and 6+ homodimer. (€) A zoomed
in segment of (c) at 17,500 resolution setting, showing non-cleaved N-terminal
methionine(s) and sodium adducts on 3+ monomer and 6+ dimer.
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Figure 3.
Plots comparing the relative degree of biotin retention on (&) streptavidin tetramers as a

function of ion source temperature, (b) dimers produced by SID (30 V, 330 eV) of the
streptavidin tetramers shown in part (a) as a function of ion source temperature, and (c)
dimers produced from SID of streptavidin-biotin tetramer as a function of SID acceleration
voltage at a constant ion source temperature of 120 °C. In all cases, error bars are
representative of the standard deviation of triplicate measurements.
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Figure 4.

SID spectrum of +28 GDH hexamer at (a) 175 V and (b) 235 V SID acceleration voltage,
resulting in trimers and monomers that are indicative of the overall dimer of trimers

arrangement of GDH hexamer.
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