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Abstract

We describe a set of simple devices for surface-induced dissociation of protein complexes on three 

instrument platforms. All of the devices use a novel yet simple split lens geometry that is 

minimally invasive (requiring a few mm along the ion path axis) and is easier to operate than prior 

generations of devices. The split lens is designed to be small enough to replace the entrance lens of 

a Bruker FT-ICR collision cell, the dynamic range enhancement (DRE) lens of a Waters Q-IM-

TOF, or the exit lens of a transfer multipole of a Thermo Scientific Extended Mass Range (EMR) 

Orbitrap. Despite the decrease in size and reduction in number of electrodes to 3 (from 10–12 in 

Gen 1 and ~6 in Gen 2), we show sensitivity improvement in a variety of cases across all platforms 

while also maintaining SID capabilities across a wide mass and energy range. The coupling of 

SID, high resolution, and ion mobility is demonstrated for a variety of protein complexes of 

varying topologies.
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Introduction

Surface-induced dissociation (SID) as an analytical technique dates back to landmark 1975 

and 1985 papers from Cooks’ laboratory.1,2 SID was originally studied as an alternative 

activation method to the more commonly employed collision-induced dissociation (CID), 

with d3-acetophenone and ethylphenyl ether as the initial case studies. Although fragment 

ions of the same m/z were produced by SID and CID, greater energy deposition was noted 

for the former, giving rise to measurable differences in relative abundances of fragment ions. 

Other key features of SID are narrow internal energy distributions compared to CID3 and 

less ion restructuring (particularly of proteins and protein complexes) which is presumably 

due to the single-collision, high energy input nature of SID.4

Although early SID development and applications involved small molecular cations and 

peptide fragmentation models,5–8 protein complexes have emerged over the past decade as 

promising analytes for interrogation. Native protein complexes are particularly difficult to 

probe by mass spectrometry. Because they are in low charge states and typically have more 

folded structures than denatured proteins, they generally resist electron-based fragmentation 

methods (electron transfer dissociation, electron capture dissociation, and electron ionization 

dissociation),9–11 and in cases where fragments are observed, they are typically formed from 

surface-exposed residues of the native complex or from the restructured, non-native complex 

after collisional activation.12,13 Moreover, these methods generally do not produce 

subcomplexes from intact macromolecular species and so are of limited utility for deducing 

quaternary structure. Collision-induced dissociation of protein complexes produces 

restructured monomer in many cases and (n-1)mer with asymmetric charge partitioning but 

does not directly generate subcomplexes consistent with intersubunit connectivity.14–16 

Ultraviolet photodissociation17 can result in production of subcomplexes in some cases,18 

but like infrared multiphoton dissociation19 it is usually used to produce extensive sequence 

fragments. Surface-induced dissociation can create both sequence fragments (usually b/y 
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ions from peptides) and subcomplexes (from protein complexes) that are consistent with 

protein quaternary structure.4,20–22 Moreover, SID can be utilized to deduce a wide array of 

protein complex characteristics including topology,23,24 intersubunit interaction strength25 

and ligand binding.26

Despite nearly 35 years of SID development from a variety of research groups, SID is not 

yet a commercialized or widely available technique, in contrast to CID. Its applicability to 

protein complexes4,21,22,27 has only recently been possible due to improvements in 

instrumentation for native MS.14,28–31 Many SID device designs have been tested over the 

years. SID can be implemented in triple quadrupole geometries in a variety of ways,32 with 

the quadrupoles mounted either orthogonally or collinearly and a surface placed in between.
33,34 SID can be accomplished in a quadrupole ion trap by pulsing the endcaps to a high 

potential, causing the ions to collide with the ring electrode.35 Surfaces can be placed inside 

electrostatic linear ion traps36 or reflectrons37 in order to cause collisions. In FT-ICR 

instruments, ions can be made to collide with a surface on a direct-insertion probe placed 

inside the FT-ICR cell,38,39 a mesh electrode substituted for the front endcap, 40 or the rear 

endcap of the FT-ICR cell itself.41 Notably, none of these configurations have been tested 

with protein complexes and so their applicability to macromolecular species remains 

unclear.28

A 10-lens in-line SID device (termed ‘Gen 1’ in this paper, Figure 1) was built and installed 

in several Waters Synapt Q-IM-TOF platforms in our laboratory27 and has been successfully 

used for fragmentation of protein complexes over a wide mass and energy range. This design 

was then translated to Thermo Scientific Extended Mass Range (EMR) Orbitrap42 and 

Bruker FT-ICR43 platforms (also termed ‘Gen 1’ devices) and subsequently simplified to ~6-

lens systems with tilted surfaces as a second generation (‘Gen 2’) of devices in the Synapt44 

and FT-ICR.45 Nonetheless, there is still a desire to simplify and minimize SID device 

design further while also improving sensitivity.

In this work, we describe simple and minimally invasive devices for surface-induced 

dissociation of protein complexes across multiple instrument platforms, namely a Bruker 

solariX XR FT-ICR, Waters Synapt G1 and G2 Q-IM-TOF mass spectrometers, and a 

Thermo Scientific Extended Mass Range (EMR) Orbitrap. The SID device across all 

platforms is a simple yet novel doubly-split lens that can replace the entrance lens of a 

multipole, quadrupole, or collision cell or can replace split lenses used for ion gating or ion 

beam attenuation.

Experimental

Chemicals

Ammonium acetate, triethylammonium acetate (TEAA), ethylenediamine diacetate 

(EDDA), perfluoroheptanoic acid (PFHA), cesium bicarbonate, cesium iodide, and 

glutamate dehydrogenase (GDH) were purchased from Sigma-Aldrich (St. Louis, MO). 

Pyruvate kinase from rabbit and C-reactive protein were purchased from Lee Biosolutions 

(Maryland Heights, MO, USA). HFQ65, HFQ102, toyocamycin nitrile hydratase (TNH), 

and Trp RNA binding attenuation protein (TRAP) were obtained from collaborator 
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laboratories (HFQ65 and HFQ102 from the Woodson group, Johns Hopkins University; 

TNH from the Bandarian group, The University of Utah; and TRAP from the Foster group, 

The Ohio State University and the Gollnick group, State University of NY, Buffalo). Protein 

complexes were buffer exchanged twice into 200 mM ammonium acetate using size 

exclusion chromatography spin columns (Bio-Rad) with a 6 kDa cutoff and further diluted in 

200 mM ammonium acetate to 5–10 μM concentration of protein complex. TEAA and 

EDDA were used as charge reducing agents and were added to protein solutions at a final 

concentration of 60 mM reducing agent and 140 mM ammonium acetate. 

Perfluoroheptanoic acid (PFHA) and cesium bicarbonate were used for mass calibration on 

the FT-ICR (CsI was used on the other platforms) and prepared together at a 10 mM 

working concentration in water.

Ionization

Nanoelectrospray ionization at ~1 kV was used to generate ions of native protein complexes 

for analysis. Borosilicate nanospray capillaries with ~2 μm tip diameter were prepared in 

house using a Sutter Instrument P-97 tip puller (Novato, CA).

Instrumentation

A Bruker solariX XR 15 T FT-ICR mass spectrometer equipped with a nanoelectrospray 

ionization source was used for part of this work. All rf devices were set to their highest 

voltages and lowest frequencies, aside from the transport multipole between the collision 

cell and the FT-ICR cell, which was set at 2 MHz. The collision cell was filled with argon 

for collisional cooling and ion activation. Most spectra were acquired as an average of 10 

scans (unless otherwise noted), generally with a mass range of m/z 1,000 to m/z 20,000, 1 M 

transient length (~2.2 s), and time-of-flight in the range of 1.5–2 ms, depending on the m/z 
range of the analyte ions. Higher-resolution spectra were acquired with 4 M transient length 

and low m/z of 1,000 (~9 s transient).

Experiments were also conducted on Waters Synapt G1 and Synapt G2 Q-IM-TOF 

platforms equipped with a nanoelectrospray ionization source. Typical settings for TOF 

mode (no ion mobility) were as follows: capillary voltage, 700 V; source temperature, 20° C; 

sampling cone, 40 V; extraction cone, 1.0 V; backing pressure, 4–8 mbar (depending on the 

size of the protein complex); trap pressure, 1.13e-2 mbar; trap CE, 4 V (varies with SID 

energy); transfer CE, 4 V; ion energy (resolving quadrupole), 0.5 V; trap entrance DC bias, 

2.0 V; trap bias, 10 V; trap exit bias, 5 V. Experiments were also conducted in mobility mode 

with the IM gas flow generally set to 20 mL/min (G1) and 60 mL/min (G2).

A third instrument platform we modified was a Thermo Scientific EMR Orbitrap (modified 

Exactive Plus) that was previously modified inhouse by the addition of a selection 

quadrupole and our traditional ‘Gen 1’ SID device.42 Typical settings are as follows: 

resolution setting, 35k (128 ms transient); trap gas, 5 (10 for glutamate dehydrogenase and 

GroEL); rf voltages set to maximum; source voltage, 1 kV; source temperature, 200° C; 

source DC offset, 7 V; injection flatapole, 7 V; interflatapole lens, 6 V; bent flatapole offset, 

5 V; transfer guide offset, 5 V; HCD mode, on (i.e. ions were trapped in the HDC cell prior 
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to transfer to the C-trap); C-trap entrance lens, 2 V; C-trap exit lens, 20 V. Note that the C-

trap entrance and exit lenses as well as the C-trap bias varied with SID collision energy.

Results & Discussion

Device Design

Gen 3 takes a minimalistic approach not only to significantly shorten the SID device but also 

to simplify SID tuning and improve the collection efficiency of protein complexes after 

surface collision. The last row in Figure 1 showcases the three new SID designs tested in this 

work. The SID cell in each case is a doubly-split lens, i.e. a single lens that has been split 

into 3 components: a deflector and an extractor on one side and a stainless steel surface on 

the other side. The surface is polished and cleaned but otherwise has no surface 

modifications. While the Wysocki group and others have shown that fluorocarbon SAM 

films vs hydrocarbon SAM films can lead to different onset energies for dissociation, 

untreated metal surfaces coated with adventitious hydro or fluorocarbon coatings in the 

vacuum chamber are effective SID surfaces46 even for peptides and protein complexes as 

demonstrated by Stiving et al.47 Although SAM films can also prevent ion neutralization on 

the surface, we have previously reported little difference in sensitivity when using stainless 

steel surfaces for fragmentation of protein complexes.47 In the case of the Q-IM-TOF 

platform, the dynamic range enhancement lens after the quadrupole and before the Trap 

SRIG was reconfigured as shown in Figure 1, Gen 3. This device does not necessitate 

truncation of the Trap as has been required with Gen 1 and Gen 2 designs. On the FT-ICR, 

the front lens of the collision cell was split into the three requisite electrodes. That is, SID is 

accomplished in the front lens of the collision cell on this platform, and so the commercial 

collision cell need not be truncated. On the Orbitrap, the transfer multipole prior to the C-

trap is replaced with a truncated hexapole of the same inscribed diameter (discussed later) 

with a split lens SID device placed just prior to the C-trap. In general, the Gen 3 devices use 

the same or similar aperture diameters as the elements they replace (Synapt and FT-ICR; 2.5 

mm and 5.0 mm, respectively), or in the case of the EMR the aperture diameter is only 

slightly smaller than the C-trap aperture (2.5 mm) at 2.0 mm. The surface electrodes were 

~3.0 mm thickness and the deflector and extractor had 1.0 mm thickness.

Gen 3 SID in an FT-ICR

Figures 1 and S1a, b show the simplicity of Gen 3 on the FT-ICR in comparison to earlier 

devices; it consists of only three electrodes - surface, deflector, and extractor - and a single 

nonconductive (PEEK or ceramic) spacer. This thin device replaces the original front endcap 

of the Bruker collision cell (Figure S1c), while the remaining portion of the collision cell as 

well as the rest of the instrument (Figure S2) remains untouched. The entire SID device is 

3.25 mm in length (matching the thickness of the original endcap electrode), representing an 

order of magnitude reduction in size compared to Gen 1 and a 5x decrease in size compared 

to Gen 2 (Figure S1a).

Based on the simulations performed prior to device testing (described in the Supplemental 

Information, Figure S3 and S4, and Table S1), we hypothesized that the Gen 3 device would 

be more sensitive in SID mode compared to the Gen 2 device on the FT-ICR. The SID signal 
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intensity was profiled using four different protein complexes: 53 kDa charge-reduced 

streptavidin tetramer, 115 kDa charge-reduced C-reactive protein pentamer, 230 kDa 

pyruvate kinase tetramer, and 330 kDa glutamate dehydrogenase (GDH) hexamer. The same 

nanospray tip was used to record full MS and SID intensities as a function of accumulation 

time for both Gen 2 and Gen 3. The quadrupole was purposely placed in rf-only mode 

(placing m/z 1,000 at q = 0.706) for these experiments, as the quadrupole can stretch the ion 

beam in the radial dimension with application of a resolving DC voltage.

A comparison of SID signal intensity across the usable energy range was first accomplished 

using streptavidin in EDDA (mainly 12+ and 13+ charge state precursors). Figure 2a 

compares the signal intensity observed in flythrough mode as well as SID at 25 V, 40 V, 80 

V, and 150 V (approximately 300–1950 eV). In all cases the Gen 3 signal is significantly 
higher. Gen 3 especially outperforms Gen 2 at the lower energies, 25 V and 40 V, where Gen 

1 and Gen 2 devices have historically struggled based on our experience and which will be 

evident on the other platforms discussed later. The capture efficiency after collision is clearly 

higher with the new design, as was indicated by the SIMION simulations. The spectra 

obtained at 40 V acceleration potential are overlaid in Figure 2b. The Gen 3 spectrum in 

purple is noticeably higher in signal-to-noise.

For the comparisons of larger protein complexes the following acceleration voltages were 

used for illustration: C-reactive protein, 85 V; pyruvate kinase and GDH, 135 V. Figure S5 

shows a comparison of absolute signal intensities for surface-induced dissociation of (a) C-

reactive protein pentamer, (b) pyruvate kinase tetramer, and (c) GDH hexamer on both 

devices (Gen 2, green; Gen 3, purple) as a function of accumulation time. In all cases, Gen 3 

achieves higher signal intensity at each accumulation time. Panels (d,e,f) show spectra that 

correspond to the accumulation times highlighted by the black boxes. For C-reactive protein, 

approximately double the ion intensity was observed at 0.3 s accumulation time. For GDH 

and pyruvate kinase, the intensity was nearly 5x higher for Gen 3 in both cases (at 1 s and 2 

s accumulation times, respectively), which is evident from the spectral comparisons in 

panels (e) and (f).

The spectral quality for pyruvate kinase is lower than C-reactive protein because it is well 

known to have 12 post-translational modifications and several adducts of allosteric regulator 

2,5-anhydro-d-glucitol, 1,6 bisphosphate (GBP) that are resistant to removal by collisional 

activation, as documented by Kelleher group.48 Both large complexes will retain salt and 

solvent adducts under the ‘cold’ source conditions we intentionally use to preserve native 

non-covalent interactions so as to generate SID fragments consistent with native subunit 

connectivity. Source conditions vary by instrument, with more modern instruments 

providing robust desolvation/desalting conditions which yield cleaner spectra. The 

instruments retrofitted with SID in this work are all several years old and so do not 

necessarily provide optimum source conditions for large protein complexes. Glutamate 

dehydrogenase generally only produces small amounts of trimer with low secondary ion 

yield from SID as it has been documented to be a sturdy complex, that is, resistant to 

fragmentation by both CID and SID except at high energies. For example, Ma et al. found 

that CID of GDH 39+ at 200 V, the maximum collision energy on a Synapt G2, produced 

only small amounts of highly charged monomer (the authors magnified the low m/z region 
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by 30x),49 and the Robinson group found that GDH was highly resistant to CID except when 

supercharged in solution.50 Similar to the present work, SID at 130 V produced a small but 

detectable amount of GDH trimer consistent with the stacked trimer topology of the 

complex. Similarly, pyruvate kinase predominantly produces dimers due to its dimer-of-

dimers topology. Both SID spectra from Gen 3 are consistent in quality with several prior 

publications from our laboratory.25,45,49 Improved spectra, in terms of S/N and peak width 

could be obtained with more optimal source and instrument conditions, i.e. by utilizing a 

newer instrument (e.g. Thermo UHMR) that would yield higher apparent resolving power.

Surface-induced dissociation coupled to ultrahigh (FT-ICR) resolution

The 15 T FT-ICR provides resolution far exceeding other mass analyzers. We chose several 

cyclic protein complexes to demonstrate the utility of ultrahigh resolution (and, later, ion 

mobility on the Q-IM-TOF), as these tend to dissociate by SID into all possible oligomeric 

states and so overlap in m/z due to symmetric charge partitioning.

HFQ65 is a cyclic 43 kDa homohexameric RNA chaperone that is a truncated form of 

HFQ102.51,52 The full scan of the precursor (charge reduced using TEAA) in Figure 3a 

shows 8+ through 12+ hexamers as prominent native species. Because the complex is cyclic, 

the SID spectrum of the isolated 10+ hexamer using a 35 V potential difference yields 

monomer through pentamer, and many peaks consist of multiple oligomeric states which 

require either ion mobility or isotopic resolution to deconvolute. The peak at m/z 3594, for 

example, clearly consists of monomer 2+, dimer 4+, and trimer 6+, all of which are resolved 

with a 9 s transient.

HFQ102 (66 kDa) is similarly a homohexameric protein complex but has molecular ‘tails’ 

on each subunit, which are not present on HFQ65. Figure 3b shows the full scan and SID 

spectrum of the charge-reduced complex, with hexamer 10+ through 13+ observed as 

precursors. The peak m/z 5518 consists of several species, monomer 2+, dimer 4+, trimer 

6+, and tetramer 8+. While monomer through trimer are baseline resolved from each other, 

there is overlap once a fourth oligomer is added to the mix, particularly as the FT-ICR’s 

resolution decreases at higher m/z. Nevertheless, these examples highlight the utility of 

ultrahigh resolution for analyzing SID products of protein complexes.

Trp RNA binding attenuation protein (TRAP) is a 91 kDa homo-11mer that binds 

tryptophan and participates in allosteric gene regulation. TRAP is another cyclic protein 

complex whose structure is conserved in the gas phase.53,54 The mass spectrum of the 

holoRAP protein complex with 14 equivalents of Trp (i.e. Trp in excess) in 200 mM EDDA 

in Figure S6a indicates primary charge states of 16+ through 20+. As expected, the 

collision-induced dissociation spectrum of the 18+ charge state in Figure S6b shows 

asymmetrically charged monomers and decamers. On average, the monomers take 

approximately 1/3 of the charge despite making up only 1/11 of the mass of the total 

complex. Despite the many possible cleavages of the protein, no oligomers beyond decamer 

and monomer were observed, highlighting the limited utility of CID in this particular case. 

Surface-induced dissociation of the 18+ charge state (Figure S6c), on the other hand, yields 

a wide variety of symmetrically charged products ranging from monomer through decamer, 

though most of the ion intensity is monomer through heptamer. The observation of every 
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oligomeric fragment is consistent with a cyclic 11mer. The insets in panels (d-f) show 

expanded views of various peaks obtained at higher resolution (9 s transient).

The Gen 3 device can also fragment monomeric protein complexes to produce primarily b 

and y ions. For example, the 7+ charge state of cytochrome C (Figure S7a) was selected and 

subject to CID at 60 V and SID at 50 V. Both collisional activation methods produced 

predominantly y ions with similar cleavage locations along the protein backbone. CID 

yielded approximately 26% sequence coverage, comparable to the 28% coverage afforded 

by SID. The higher energy deposition by SID is evident from the greater precursor ion 

depletion even when using a lower collision energy (50 V SID vs. 60 V CID).

Implementation of a split lens SID design on a Q-IM-TOF platform

Because the split lens SID design is minimalistic and small (~3 mm length), it is easier to 

install in various MS platforms compared to prior device designs from our laboratory. We 

reconfigured the dynamic range enhancement (DRE) lens in Waters Synapt G1 and G2 Q-

IM-TOF mass spectrometers to perform SID experiments (Figure 1, bottom left). An 

instrument schematic of the Synapt G2 is given in Figure S8a. The DRE lens is located 

behind the quadrupole mass filter and in front of the trap SRIG; it is composed of a split lens 

followed by a second lens (Figure S8b, top). The DRE lens reconfigured for SID consists of 

two of the original lens elements which previously comprised a split lens but are now used 

as deflector and extractor for SID (Figure 4a and Figure S8b, bottom). Only a single 

stainless-steel electrode was fabricated and inserted as the surface opposite the deflector and 

extractor. The replacement of the DRE lens did not affect flythrough signal for C-reactive 

protein (Figure S9) over three replicate nESI tips.

To reduce nanospray variability on the Synapt G2, both Gen 1 and Gen 3 SID devices were 

kept in the instrument simultaneously. A comparison was made between SID spectra and 

signal intensities for Gen 1 and Gen 3 SID devices by using 53 kDa streptavidin tetramer in 

EDDA (average charge state 13+) and IM-TOF mode across a wide range of energies. The 

spectra were again obtained without quadrupole isolation to remove any quadrupole effects 

from the comparison. The measured Gen 3 signal intensities were significantly higher at the 

lower energies (SID 25 V and 40 V comparison are shown in Figure S10a,b) and the highest 

energy (150 V) – in agreement with our observations on the FT-ICR – but the spectra 

obtained at 80 V were comparable. This comparison is summarized in Figure S10c.

Signal improvement was also noticeable with larger protein complexes. SID of both 

pyruvate kinase (PK) and glutamate dehydrogenase (GDH) yielded higher absolute signal 

than with the Gen 1 device. For pyruvate kinase (average charge state 29+) the SID signal at 

135 V increased by ~30%, and at 200 V the signal increased by ~20% (Figure S11a). For 

SID of GDH (average charge state 40+) at 135 V the signal increased by ~50% (Figure 

S11b). Both examples of increased S/N are evident in the spectral comparisons in panels (c) 

and (d). Only a small difference in capture efficiency is noted for very high m/z (>16,000) in 

the GDH spectra, but this is more than offset by the ~2.5x increase in S/N for most peaks. 

Clearly the Gen 3 SID device can both transmit and fragment large protein complexes 

efficiently. The small differences in signal intensity > m/z 16,000 can be explained by the 

fact that the ion mobility cell behind the Gen 1 device sits at 2 orders of magnitude higher 
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pressure than the trap, leading to greater capture efficiency only at very high m/z. This can 

be mitigated by corresponding increases to the trap pressure or use of a heavier collision gas.

On the FT-ICR the ultrahigh resolution could be used to determine oligomeric states of 

subcomplexes generated after SID through isotopic spacings; on the G2, traveling wave ion 

mobility is used to a similar effect. Figure 4b shows the SID spectrum of charge reduced 

HFQ65 in IM-TOF mode with quadrupole selection of the 10+ charge state. Clear separation 

is observed in the ion mobility spectrum in Figure 4c, and there is good agreement between 

FT-ICR and Q-IM-TOF spectra.

This experiment was repeated with the 11mer holoTRAP complex (with 14 eq Trp in 200 

mM EDDA) also investigated on the FT-ICR, and the results are shown in Figure 5 with the 

isolated 18+ charge state. On the G2 all oligomeric fragments, from monomer through 

decamer, were observed after SID and are more clearly separated in ion mobility space than 

with the ultrahigh resolution of the FT-ICR. Clearly, the replacement of the DRE lens does 

not affect the ion mobility capabilities of the instrument.

Gen 3 was also installed on a Synapt G1 to demonstrate the wide applicability of the current 

SID design on multiple Synapt platforms. apoTRAP 11mer was analyzed on the G1 in SID-

IM-TOF mode (Figure S12). As before, due to the cyclic structure of the complex, many 

types of oligomer fragments are observed after surface collision of the charge reduced 

precursors. Note that no quadrupole selection was used in this case. These data are in good 

agreement with SID data from both the FT-ICR and the G2.

Implementation of a split lens SID design on an Orbitrap platform

A Gen 3 SID device was also installed into an Exactive EMR Orbitrap platform, previously 

modified to include a selection quadrupole. The first generation design (Figure 6, ‘Gen 1’) 
incorporated 12 dc-only electrodes26,42 arranged in a manner similar to the Gen 1 design on 

the FT-ICR and Synapts. The front and rear 3 elements (6 total) comprise Einzel lenses with 

the first and third electrodes of each trio electrically connected. Hence, the SID cell uses 10 

independent voltages to power the 12 electrodes plus one more externally supplied voltage 

to vary the C-trap offset. The Gen 1 SID device replaced the transfer multipole prior to the 

C-trap (red star in the instrument diagram Figure S13a). While the device is robust and 

capable of SID across a large energy and mass range, reduction in the number of electrodes 

for SID would be beneficial for ease-of-use. We incorporated a Gen 3 SID design in the 

same location as the Gen 1 SID cell by designing and fabricating a truncated hexapole (rod 

diameter 4.75 mm, inscribed diameter 8.75 mm) to make room for the doubly-split lens SID 

device just prior to the C-trap (model shown in Figure 6, ‘Gen 3’; fabricated device shown 

in Figure S13b). Figure S13b also shows the original octupole that the device replaces.

In transmission mode, very little difference in overall signal intensity and relative 

abundances was observed with a CsPFHA cluster calibration solution when comparing Gen 

1 and Gen 3 on the EMR (Figure S14). Transmission of large protein complexes was 

similarly unaffected. Figure S15 shows transmission of 330 kDa glutamate dehydrogenase 

hexamer with Gen 1 and Gen 3 devices installed. Over three replicate tips, no measurable 

difference was observed.
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The SID performance of Gen 1 and Gen 3 were compared with charge-reduced streptavidin 

(60 mM EDDA as reducing agent) without ion isolation to prevent quadrupole effects from 

convoluting the results. Although both devices return similar intensities in flythrough and 

SID 85 V spectra, Gen 3 is particularly notable for its increased performance at the lower 

energy (SID 45 V), an observation now made across three separate instrument platforms. An 

almost 4-fold increase in sensitivity was observed, (Figure S16).

SID spectra of the 13+ homopentamer of cholera toxin B were acquired on the EMR (Figure 

S17). The spectra are similar to those obtained on the FT-ICR (Figure S18) in that all 

oligomeric fragments are produced due to the cyclic arrangement of the subunits. While the 

FT-ICR can resolve overlapping oligomers by using greater transient lengths (e.g. Figure 

S18c,d), increasing the transient length on the Orbitrap to the 140k setting (512 ms transient, 

Figure S17c) results in substantial bias toward the lower mass fragments due to the high path 

length in the Orbitrap cell.42,55

Surface-induced dissociation of the 9+ charge state of HFQ65 on the EMR is given in Figure 

6b,c with the full MS shown in Figure 6a. While the low-resolution Orbitrap spectrum in 

panel (b) agrees well with the spectrum obtained on the FT-ICR (Figure S19a), at higher 

resolution spectral biases are observed. Insets in panels (b) and (c) show the resolution 

achieved for m/z 3594 at the different transient lengths. Dimer is only resolved in the higher 

resolution spectrum, and trimer is not resolved in either spectrum. Comparable SID spectra 

of the isolated 10+ charge state (the most abundant) on the FT-ICR required a 2.2 s and 9 s 

transient (Figure S19a,b).

The SID spectrum of 11mer holoTRAP (Figure S20) was also similar to the spectra obtained 

on the FT-ICR and Synapt, with monomer through heptamer being the most prominent 

fragments, though note that all oligomeric fragments were again observed due to the cyclic 

structure of the protein complex.

Gen 3 on the EMR works with large complexes at high acceleration potentials as well. 

Figure S21 shows the full scan and SID spectra of the 38+ charge state of 330 kDa 

glutamate dehydrogenase at 5130 eV and 6650 eV. In both low and high energy cases, the 

predominant fragments are trimers, in agreement with the dimer of trimers arrangement of 

the subunits.42,45,49 Gen 3 on the EMR is therefore capable of transmitting and fragmenting 

ions over a wide range of masses and energies yet demonstrates a simpler SID design to 

increase usability and improve SID automation for data-dependent MS/MS analyses in the 

future.

Conclusion

A miniaturized split lens surface-induced dissociation device has been fabricated and 

experimentally compared to a previous SID design on an FT-ICR, Synapt G1 and G2 Q-IM-

TOF mass spectrometers, and a modified (Q) Exactive EMR Orbitrap. In addition to a 

reduction in length to ~3 mm, the device exhibits up to 11x improvement in SID intensities 

compared to previous devices, with only small losses in high m/z (>16,000) transmission 

observed on the Synapt due to the positioning of the device prior to the lower pressure trap 
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cell. Ultrahigh resolution coupled with surface-induced dissociation of lower mass protein 

complexes allows for the deconvolution of overlapping oligomers and can be particularly 

valuable in conjunction with corroborating results from ion mobility, as demonstrated here 

with TRAP 11mer and HFQ65. For high mass protein complexes (>150 kDa), the apparent 

FT-ICR resolving power is lower than desired, but that is a source and perhaps analyzer 

limitation and not a limitation of SID. Newer instruments are continually being optimized 

for transmission and desolvation of macromolecules, and heavy modification of legacy 

instrument ion sources and optics remains difficult to accomplish and justify. The SID 

design can be generalized to other multipole ion guides, collision cells, and stacked ring ion 

guides that have an entrance or exit lens large enough to accommodate the split lens 

electrodes and can more easily be implemented in other instrument platforms due to its 

reduced footprint. The reduction in the number of independent electrodes also simplifies 

tuning and paves the way for easier SID automation. The ease of incorporation of SID into a 

wide array of instrument platforms should enable its commercialization and widespread 

adoption as a standard technique in the native mass spectrometry workflow, where important 

structural biology questions can be answered by using the unique fragmentation 

characteristics of SID.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Three generations of SID designs developed in the Wysocki laboratory. ‘Gen 1’ devices have 

SID lengths >3 cm and consist of 10–12 SID electrodes. ‘Gen 2’ devices consist of tilted 

surfaces with fewer electrodes and occupy approximately half the volume as their ‘Gen 1’ 

counterparts. ‘Gen 3’ devices, reported here, occupy approximately 3 mm along the ion path 

and consist of only three lenses, surface, deflector, and extractor. SRIG = stacked ring ion 

guide. SID = surface-induced dissociation cell. IM = ion mobility.
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Figure 2: 
Comparison of sensitivity of Gen 2 and Gen 3 SID devices on the FT-ICR using streptavidin 

in EDDA (mainly 12+ and 13+ precursors, no isolation): (a) Comparison of flythrough and 

SID intensities under comparable conditions, and (b) comparison of representative SID 

spectra at 40 V acceleration (Q (tetramer) produces two dimers, D (e.g., Q12+ → 2 D6+ and 

Q13+ → D6+ plus D7+), and monomer (M) plus trimer (T).)
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Figure 3: 
Full scans and surface-induced dissociation spectra of hexameric (a) HFQ65 and (b) 

HFQ102 using the Gen 3 device on the FT-ICR. The four bottom spectra are zoomed in to 

show the isotopic resolution of the 15 T ICR using a 9 s transient. The SID spectra are an 

average of 30 scans at 4 M transient length (low m/z 1,000); the full scans are an average of 

10 at 1 M transient length. M = monomer, D = dimer, T = trimer, Q = tetramer, P = 

pentamer, H = hexamer
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Figure 4: 
Gen 3 SID on a Synapt G2 platform. (a) photograph of DRE (dynamic range enhancement) 

lens reconfigured to perform SID, (b) SID spectrum of the 10+ charge state of HFQ65 (with 

TEAA as charge reducing reagent) in IM-TOF mode recorded on the G2, and (c) 

mobiligram associated with the SID spectrum.
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Figure 5: 
SID-IM-TOF of the 18+ charge state of holoTRAP 11mer (in 200 mM EDDA with 14 

equivalents of trp) using Gen 3 on the Synapt G2. All oligomeric fragments are observed in 

mobility space, consistent with the cyclic arrangement of the subunits.
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Figure 6: 
Surface-induced dissociation using a Gen 3 device on an EMR Orbitrap platform: (a) full 

scan mass spectrum of HFQ65 charge reduced using TEAA, (b) SID (315 eV) of the 9+ 

precursor using the 35k resolution setting (128 ms transient), and (c) SID (315 eV) of the 9+ 

precursor using the 140k resolution setting (512 ms transient). Insets show the peak at m/z 
3594. A bias against the larger oligomers is observed at longer transient lengths due to the 

increased path length. A comparison is given to the FT-ICR SID spectra of the 10+ charge 

state with different transient lengths in Figure S19.
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