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ABSTRACT: Native mass spectrometry (nMS) is evolving into a workhorse for structural
biology. The plethora of online and offline preparation, separation, and purification methods
as well as numerous ionization techniques combined with powerful new hybrid ion mobility
and mass spectrometry systems has illustrated the great potential of nMS for structural
biology. Fundamental to the progression of nMS has been the development of novel
activation methods for dissociating proteins and protein complexes to deduce primary,
secondary, tertiary, and quaternary structure through the combined use of multiple MS/MS
technologies. This review highlights the key features and advantages of surface collisions
(surface-induced dissociation, SID) for probing the connectivity of subunits within protein
and nucleoprotein complexes and, in particular, for solving protein structure in conjunction
with complementary techniques such as cryo-EM and computational modeling. Several case
studies highlight the significant role SID, and more generally nMS, will play in structural
elucidation of biological assemblies in the future as the technology becomes more widely
adopted. Cases are presented where SID agrees with solved crystal or cryoEM structures or
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provides connectivity maps that are otherwise inaccessible by “gold standard” structural biology techniques.
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1. INTRODUCTION TO NATIVE MS

Within the field of structural biology, mass spectrometry (MS)
has emerged as a powerful tool for the study of proteins and
protein complexes, nucleic acids, and other biological macro-
molecules.' > The advent of electrospray ionization (ESI),
along with its lower flow rate variant nanoelectrospray
ionization (nESI), transformed the field of mass spectrometry,
enabling large noncovalent assemblies to be transferred into
the gas-phase, manipulated, and measured by MS and other
gas-phase analytical techniques.” Native MS (nMS) utilizes
soft ionization methods along with soft instrument conditions
to transfer (kinetically trap) native assemblies from MS-
friendly electrolyte solutions (typically ammonium acetate,
although ammonium bicarbonate” and ethylenediammonium
diacetate” have also been employed) to the gas phase without
loss of protein:protein interfaces, thereby enabling the study of
proteins and protein complexes in their native-like state.” This
approach has been used to study protein—protein complexes
(from dimeric species to even very large assemblies up to
MegaDaltons in size”'”), protein—ligand interactions," ~' and
protein—RNA/DNAM’15 interactions. nMS is not limited to
soluble proteins but has also been used to examine membrane
proteins, membrane protein complexes, and their interactions
with lipids."°™"" Native MS offers several advantages over
traditional structural biology techniques in that, due to high
MS sensitivity, sample consumption is low. Typically, only a
few microliters of sample at low micromolar concentrations are
needed. Unlike X-ray crystallography, high-quality crystals are
not needed for MS analysis and, in contrast to both
crystallography and cryo-electron microscopy, less sample
screening is required and sample preparation is generally much
less extensive because nMS can directly analyze proteins from
solution state. Cryo-EM, the gold standard for determination
of biomolecular structures, requires fine-tuned conditions to
convert samples into solid state (grid preparation, sample
deposition, and vitrification),” and so it is cumbersome
relative to nMS and generally unsuitable for high-throughput
analyses. nMS is also intrinsically well-suited to the study of
heterogeneous samples (e.g, mixtures of nucleic acids,
proteins, and different proteoforms), meaning they need not
go through the rigorous purification procedures necessary for
other techniques. For example, recent studies have shown it is
possible to study overexpressed proteins from crude lysates by
nMS.”"** Furthermore, when experiments are performed on
high-resolution instruments, even small mass differences, such
as posttranslational modifications or cofactor binding,”*~*" can
be resolved, which can provide further insight into structure
and therefore function. When coupled to mass analysis, gas-
phase ion mobility (IM) provides an orthogonal dimension of
separation. In IM ions under the influence of a weak electric
field are passed through a pressurized chamber filled with a
buffer gas that counteracts the ion motion induced by the
electric field gradient. Ions are separated in the IM cell based
on their mobility, which is influenced by their mass, size,
charge, shape, and flexibility. Indirect information on the
conformation of ions can be obtained from IM in the form of a
rotationally averaged collision cross section (CCS).*® Ion
mobility can detect changes in conformation that are not
evident from mass spectra alone and, along with tandem mass
spectrometry (MS/MS), augments the native mass spectrom-
etry workflow with powerful capabilities useful for structural

biology.””**

1.1. Dissecting Protein Complexes with Tandem Mass
Spectrometry (MS/MS)

An attractive feature of mass spectrometry is the ability to
couple two stages of m/z analysis, ie., conduct MS/MS. This
allows for the isolation of a species at a particular m/z ratio in
the first stage,, activation and subsequent dissociation of the
isolated molecule, and m/z analysis of the product ions in the
second stage. The ability to select a species of interest is
particularly advantageous for heterogeneous samples in that
each species of interest with a unique m/z can be dissociated
selectively, providing information on the individual compo-
nents. Multiple dissociation methods are useful for nMS, each
with advantages and disadvantages. The most common
activation technique is collision-induced dissociation (CID),
which is available on virtually all modern commercial
instruments. During CID analyte ions are accelerated into a
neutral collision gas (typically argon or nitrogen) and undergo
multiple low-energy collisions with the gas atoms or molecules.
During each collision a portion of the ion’s kinetic energy is
converted into vibrational internal energy, and the stepwise
buildup of internal energy during this multicollision process
can eventually result in dissociation if the energy threshold for
dissociation is met.”” The products from CID are often
reflective of the lowest energy dissociation pathways, which can
result from rearrangements (e.g., collapse or unfolding/
restructuring of the complex or a single subunit). For protein
complexes, CID typically produces highly charged, unfolded
monomers and complementary (N-1)mers, regardless of the
initial oligomeric state, and is thought to be a result of
unfolding or elongation of one of the monomers (see Figure
1).>%%! The charge distribution of fragment ions from CID of a
typical protein complex is often described as “asymmetric” in
that the fragments do not retain an amount of charge
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Figure 1. Schematic representations of CID and SID of noncovalent
protein complexes with corresponding simplified potential energy
diagrams shown at the bottom. In CID (left) protein complexes
undergo multiple collisions with the collision gas, which can result in
rearrangement/unfolding and ejection of elongated, highly charged
monomer and complementary (N-1)mer (A). In SID (right), the
high, rapid energy jump usually favors a faster, more direct
dissociation pathway (B) into folded subunits carrying charge
proportional to their mass (surface area), referred to as “symmetric
charge partitioning”. Note that dissociation pathway “A” is not
necessarily accessed even at low SID energies but is usually a result of
multistep collisional activation. Adapted with permission from ref 4.
Copyright 2014 American Chemical Society.
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proportional to their mass or native surface area because the
restructured monomer retains proportionally “too much”
charge (often ~1/2 of the charge of the precursor), leaving
the remaining (N-1)mer charge deficient. CID is a useful tool
to confirm the stoichiometry of the protein complex, but due
to gas-phase restructuring it can only provide limited
information on substructure and subunit connectivity. It
should be noted that under certain conditions an alternative
CID fragmentation pathway has been observed in which
compact monomers or subcomplexes are products of
dissociation.” This symmetric charge partitioning pathway
remains atypical, but it appears to be promoted when protein
complexes have low subunit flexibility, small protein—protein
interfaces, and fewer salt bridges,””** with high charge density
playing an important role as well (promoting asymmetric
charge partitioning in some cases’””> but symmetric charge
partitioning in others’>*°). At low collision energies, CID is
useful for ejecting groteins or protein complexes from
membrane mimetics,'®'” or, when coupled with ion mobility,
to intentionally unfold the protein, study stability, and explore
the conformational space of the protein.”’~*” Low-energy CID
is also beneficial for removing extraneous salt and buffer from
gas-phase ions prior to mass analysis in order to increase the
accuracy of the measured mass of the intact complex or
monomers of the complex; although the complex might be
restructured by the collisions, obtaining its accurate mass in the
absence of adducts is useful.*>*' “Cleaner” ions can also be
produced through the use of submicrometer capillaries**** or
addition of solvent vapor additives to the ion source during
desolvation.™

An alternative method of dissociation, initially conceived
and developed in Graham Cooks’ laboratory,%’47 is surface-
induced dissociation (SID).***7° In SID, ions are made to
collide with a surface. SID is a rapid, approximately single-step,
energy deposition process, and dissociation can occur without
extensive unfolding (Figure 1). Early SID studies of protein
complexes demonstrated that dissociation very often occurred
with more symmetric charge partitioning than CID (i.,
fragments retain charge roughly proportional to their mass
and/or surface area), alongside producing a greater variety of
subcomplexes consistent with native protein topology. These
observations led to the hypothesis that SID could proceed
without extensive unfolding,’>* a hypothesis that was later
supported by ion mobility (IM) measurements.”” To rule out
unfolding followed by refolding, it was also shown that ligands
can be retained in SID in cases where they are not retained by
CID.>* When SID was coupled with IM measurements, it was
clear that the species of low charge produced in SID were
compact, supporting_ the hypothesis that SID can proceed
without unfolding.*>”® However, it is important to note that
fragments with the same stoichiometry and charge state,
produced by CID and SID, usually have similar CCSs, and so
in some cases similar conformations can be produced by both
activation techniques. Because smaller SID fragments (mono-
mers) tend to have fewer charges than those produced by CID,
SID fragments tend to be more compact than CID fragments.
Moreover, it has become clear that SID produces fragments
that are reflective of the assembly of noncovalent complexes,
consistently cleaving the weakest interfaces in protein
complexes and so producing structurally informative sub-
complexes.*>*°%>373% For this reason, SID has emerged as a
useful tool in protein complex structural studies.

Additional dissociation techniques have been applied in
nMS studies, including electron-based techniques such as
electron capture dissociation (ECD), electron transfer
dissociation (ETD), and electron ionization dissociation
(EID) as well as photon-based techniques including ultraviolet
photodissociation (UVPD) and infrared multiphoton dissoci-
ation (IRMPD).*”*° The major pathway for these dissociation
techniques is covalent backbone fragmentation, contrasting
with noncovalent fragmentation of complexes to subcomplexes
by collisional activation. Covalent fragmentation using these
techniques has proven useful in studying posttranslational
modifications (PTMs),*"¢> ligand bindin§ sites and conforma-
tional changes upon ligand binding,”*~® and protein folding
and unfolding.66_68 With UVPD, it has also been observed that
protein complexes can dissociate noncovalently via both
symmetric and asymmetric pathways, with the symmetric
pathway increasing in intensity with higher laser power.”””
The Robinson lab also demonstrated using IRMPD that
protein complexes can dissociate asymmetrically or symmetri-
cally, with the symmetric pathway being favored under
supercharging conditions for some complexes.”’

Clearly, tandem mass spectrometry is a powerful tool in
nMS and a variety of tools can be employed for activation,
depending on the experimental needs. However, alternative
complementary methods can also provide structural informa-
tion. One example is solution disruption, in which subunit
interactions are intentionally perturbed in solution, either by
changing the ionic strength or pH of the solution or through
the addition of organic solvents. Solution disruption experi-
ments have shown that it is possible to disrupt the intact
complex, producing structurally relevant subcomplexes,””~"*
although alteration of solution conditions may also cause
protein denaturation or precipitation. Moreover, as this is a
solution-based technique, it can potentially affect all species
present in solution and therefore can be challenging with
heterogeneous samples. For heterogeneous samples it is often
preferred to transfer them into the gas-phase and then isolate
the unique species of interest for further structural inter-
rogation.

1.2. Impact of Charge State on SID Pathways

A central question for early nMS experiments was “how native
is native MS?” Early protein and protein complex studies
demonstrated that solution conditions (which alter the
conformation of the protein) impacted the charge state
distribution,”® that noncovalent interactions could be pre-
served,”® that proteins could be transferred into the gas-phase,
that their native structures could be “kinetically trapped” on
the time scale of a typical mass spectrometry experiment,”” and
that these ions could be collected while retaining biological
function,”®”” providing early evidence that MS could provide
structurally relevant information on proteins and their
complexes. It is clear from the literature, though, that
monomeric proteins can be analyzed under conditions where
the structures deviate significantly from “native,”*"~** although
this is less likely for protein complexes that are held together
by intermolecular protein—protein interfaces.”” It has also
taken the community a while to explore enough systems in
depth to discover conditions that best retain native structure,
and this exploration is still in progress as nMS expands to more
complex systems. As the community has worked to understand
and define the behaviors of monomeric proteins vs protein
complexes, reports have not always pointed out that these
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systems can show different behaviors. This led to some early,
and perhaps lingering, confusion in the broader scientific
community about whether nMS does maintain native
structure. For example, collapse of monoclonal antibodies in
the gas phase has been reported in the literature,*>*® in
addition to compaction of a range of nonglobular proteins*®
(though compaction does not necessarily imply that major
domain structures and interfaces have changed significantly).
These conclusions were drawn from comparisons of
experimental ion mobility collision cross sections to cross
sections calculated from high-resolution crystal structures.

Fortunately, a large number of cases have appeared where
nMS has made significant contributions to structural biology,
so the technique has gained acceptance for characterization of
protein complexes. Ion mobility studies of proteins and protein
complexes have since demonstrated that the experimental CCS
can be in good agreement with the predicted CCS calculated
from solved or model structures, providing evidence for native-
like proteins in the gas phase.”’ ”° However, at high charge
states, some monomeric proteins have been shown to adopt
more extended structures, and some protein complexes
collapse into compact states.* 77! Using basic solution-
phase additives, it is possible to reduce the charge states of
protein ions, a process known as “charge reduction”. Charge
reduction better preserves native-like conformations due to
reduced intramolecular Coulombic repulsion, and charge-
reduced species are generally more stable toward activation/
restructuring in the gas phase.”””” Zhou et al,, demonstrated
that charge-reduced precursors produced greater information
on the quaternary structure of protein complexes with SID
than their “normal-charge” counterparts (in ammonium
acetate), which was attributed to suppressed unfolding/
elongation/restructuring and better preservation of subunit
contacts.”> SID of charge-reduced (18+) C-reactive protein
(Figure 2a), for example, causes dissociation into a variety of
product ions from monomer to tetramer, whereas CID of
charge-reduced or normal-charge (24+) CRP simply proceeds
in a typical fashion, ejecting a highly charged monomer from
the pentamer (Figure 2b). Compared to surface activation of
24+ CRP (Figure 2c), SID of 18+ CRP yields a greater variety
of fragments and suggests an overall cyclic arrangement of the
subunits because no intersubunit cleavage is preferred. Given
the increased structural information obtained from charge-
reduced protein complexes, the majority of SID experiments
are performed under charge-reducing conditions, typically
through the addition of a small amount of triethylammonium
acetate (TEAA) to the protein solution of interest.

The majority of nMS experiments have been performed in
positive ion mode, and, in the case of SID as discussed above,
typically under charge-reducing conditions. However, it should
be noted that negative mode can also be used, and several
studies have shown that the average charge states of protein
complexes ionized in negative mode are typically lower than in
positive mode without the addition of any additives.”*”
Recent SID studies in negative mode have demonstrated that
similar structural information can be obtained in negative
mode as in charge-reduced positive mode.”® This is advanta-
geous, as solution-phase charge reduction in positive mode can
often result in peak broadening and adduction, decreasing
mass accuracy,” whereas this was not observed in negative
mode.”® Negative mode SID therefore could be useful in
studies when substructural information is required along with
high mass accuracy (e.g.,, proteoform identification or ligand
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Figure 2. Charge-reduced species have more native-like SID
fragmentation patterns than their normal-charge counterparts. (a)
SID spectrum of (charge-reduced) 18+ C-reactive protein (CRP) at 1
keV. (b) CID spectrum of CRP 18+ at 3.6 keV. (c) SID spectrum of
CRP 24+ (no charge reduction) at 1 keV. (d) CID spectrum of CRP
24+ at 3.6 keV. Adapted with permission from ref 35. Copyright 2013
Royal Society of Chemistry.

binding studies). However, as the majority of SID experiments
have been performed in positive mode, this review will focus
on positive mode SID.

2. SID FOR PROTEIN STRUCTURAL PREDICTION

A major development in the fields of biological mass
spectrometry and structural biology came with the ability to
ionize and transmit large molecules.® Progress started with the
study of single proteins, and now, with modern instrumenta-
tion, it is possible to study macromolecular complexes
weighing several MDa.”'%”> Given the low sample require-
ments (uL of sample at uM or lower concentrations), along
with the intrinsic ability to study dynamic and heterogeneous
samples, nMS has emerged as a promising low structural
resolution technique (but high resolution mass measurement
technique). A central question in nMS is how much structural
information can be obtained from such studies. As discussed
above, the multicollision process of CID typically produces
monomer and (N-1)mer regardless of the starting struc-
ture.””® While this is undoubtedly useful for proteoform
characterization, it can be a limitation for structural studies. It
has been reported that for some proteins altering the solution
conditions and then subjecting the complexes to CID can
result in products more reflective of the starting structure, but
so far this appears to be an atypical pathway limited to a small
number of cases.’”

Early studies of protein complexes demonstrated that SID
produced a wider range of subcomplexes, products with more
symmetrical charge partitioning, and products without the high
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products from analysis of the solved structure. This was
achieved using PISA interfacial analysis, which allows B) —_s
interfacial information in the form of interface area, number .
Aquaporin Z

of potential salt bridges, and number of hydrogen bonds to be
obtained from high-resolution crystal structures.”” This
information can then be used to rank the interfaces from
strongest to weakest. If dissociation is occurring in a manner
consistent with the structure, it would be expected that the
weakest (smallest) interfaces would cleave first. For a given
homomer, depending on the oligomeric state, there are a
number of different ways the subunits can assemble to form a
complex, which will result in differences in the interfacial
strengths.'”’ For example, a homotetramer could assemble
either in a cyclic manner (i.e., monomer to tetramer), forming
a C, symmetric complex, or through dimerization (ie.,
monomer to dimer, dimer to tetramer), forming a complex
with D, symmetry. In a cyclic complex, the interfaces between
subunits are equal, and therefore all interfaces could be
considered equally likely to break upon activation. Hence, it
would be predicted that a cyclic tetramer would dissociate to
monomer + trimer and two dimers at low collision energy. The
cyclic tetramer aquaporin Z (Figure 3), a membrane protein
from Escherichia coli, has been previously studied with SID, and
it was found to fragment in a manner consistent with its
structure, producing monomer + trimer and dimers.'”" In
contrast, a D, tetramer has a stronger monomer—monomer
interface and weaker interfaces between the dimers forming the
tetramer; therefore, it would be predicted to produce dimers at
low collision energy. This expected fragmentation pattern was
indeed observed for a series of three soluble D, tetramers
(streptavidin, neutravidin, and transthyretin (TTR)), which
dissociated to dimers at low SID energies.58 In addition, the
experimental collision cross sections of the dimers were
consistent with the theoretical CCS of the dimers produced via
cleavage of the weakest interface. The striking difference in
SID spectra for C, tetramers vs D, tetramers, as highlighted in
Figure 3, clearly demonstrates that SID provides structural
information in the form of subunit connectivity. Furthermore,
while streptavidin, neutravidin, and transthyretin all have D,
symmetry, they have significant differences with regards to the
relative strengths of all interfaces, as shown in Figure 3. It is
clear that the interfaces in TTR are more similar to each other
(interface A vs B vs C), whereas for streptavidin, the
monomer—monomer interface (interface A) is much stronger
than the other interfaces (interfaces B and C). This difference
in relative interface strength influences not only the onset
energy for dissociation but also the variety of products
observed at each energy, with more monomer + trimer being
observed for TTR than streptavidin due to the lower barrier to
forming this product. The interface area is an important factor
to consider for protein complex dissociation, as previous
reports have highlighted that it can also influence CID
fragmentation of complexes, with smaller interface areas being
more likely to fragment via the atypical pathway along with
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Figure 3. SID can distinguish between tetramers of different
arrangements. (A) PISA interfacial analysis for C, tetramer aquaporin
Z, and D, tetramers streptavidin, neutravidin, and transthyretin. (B)
Low-energy SID for 13+ aquaporin Z. Adapted with permission from
ref 101. Copyright 2017 Royal Society of Chemistry. (C) Low-energy
SID of 11+ streptavidin. Adapted with permission from ref 57.
Copyright 2019 National Academy of Sciences USA.

complexes with higher charge density and fewer interfacial salt
bridges.”

Predictable fragmentation patterns based on interface
analysis are also observed from SID of oligomers containing
a greater number of subunits and which have a greater number
of potential arrangements. For example, hexamers can exist in
many different arrangements, including cyclic structures and
stacked or planar dimers-of-trimers and trimers-of-dimers. The
truncated (HFQ6S) version of cyclic RNA-binding hexamer
HFQ_ (host factor-I protein) has equal interfaces between
subunits, and therefore if dissociation occurs in a manner
consistent with its structure, it would be expected to dissociate
to form all subcomplexes from monomer to pentamer, which is
indeed the case when activated by SID.'>™'°* The hexamer
glutamate dehydrogenase (GDH), in contrast, can be
described as dimer-of-trimers in which the interfacial areas
within the glutamate dehydrogenase trimers are much larger
than the interactions between monomers on opposing trimers,
and as a result this complex dissociates by SID to form
primarily trimers.”>>”'%>'%1% nsulin, on the other hand, is a
trimer-of-dimers arrangement that has more equal interfaces
between subunits (compared to GDH), and so SID produces
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Table 1. Examples of Noncovalent Protein Complexes of Varying Topologies and Their Major Dissociation Pathways (Line
Thickness Represents Relative Interfacial Strength)
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dimers and tetramers along with trimers. SID therefore can
distinguish between different subunit arrangements.

Table 1 summarizes the topologies that have been explored
by SID over the past several years; both homomers and
heteromers are represented. Molecular weights range from
~25 kDa cytochrome c dimers*™' up to 801 kDa GroEL
14mers°®'°%'% on the homomeric side, and heteromers are
represented from ~65 kDa a,f, hemoglobin to ~700 kDa 20S
proteasomes [(a.f.f,a,)] from several species.'””'*® SID has
not been limited to soluble proteins; membrane proteins AmtB
and AqpO also fragment in a manner consistent with their
structure by SID.’®! As mentioned above, for heteromers, the
presence of multiple subunits with different structures poses
more difficulty in determining the complete connectivity
within the complex compared to homomers. Tryptophan
synthase is a hetero-4mer with a near-linear afffa arrange-
ment.'” """ The interfacial area, as determined by PISA,
between the (blue) a and (red) f subunits is weaker than that
between the two f in the middle of the complex (1363 vs 1624
A?) so that the primary fragmentation channel is loss of a
monomer. When the leftover a3 complex is subjected to a
second stage of SID, the second a monomer is ejected, leaving
the stronger ff interaction intact.''” Toyocamycin nitrile
hydratase (TNH), an (afly), arrangement, does not have a
high-resolution crystal structure for PISA analysis, but
dissociation into afly subcomplexes at low energy and aff

and Payy complexes at higher energy is su%?estlve of its overall
topology as a dimer-of-heterotrimers.'*"*~'"> Hemoglobin
[(af),] has also been studied by SID and dissociates to
produce both monomer + trimer and dimers due to the similar
interfacial areas that have to be broken to produce these
products (1767 vs 1842 A%).>” There is an abundance of
evidence that, as a result of a surface collision, protein
complexes dissociate in a manner that is reflective of their
substructure,””>> %111 consistently cleaving the weakest
interfaces; exceptions are expected in some cases, e.g, if
proteins have intertwined subunits or some structural arrange-
ment that requires some restructuring before the partners can
separate. Those interfaces with the fewest residues, hydrogen
bonds, and salt bridges will be cleaved preferentially, especially
when activation involves only a limited amount of collision
energy that can be internalized and distributed throughout the
molecule. %" At higher collision energy, more dissociation
pathways are available for the molecule to explore, but even
fragments produced via higher energy pathways are reflective
of substructure.

2.1. SID As a Constraint in Computational Modeling

Given that SID has been shown to consistently cleave the
weakest interfaces in protein complexes, with the exception of
complexes with intertwined interprotein domains,””*® and
hence can provide structural information consistent with native
structure, current research is exploring whether SID can be
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used as a constraint for computational modeling of proteins.
Predictive models could then be used to provide increased
structural information for protein complexes of unknown
structure and could use information from SID along with data
from other measurements obtained at low resolution (cryo-
EM, SAXS, etc.).’”'** Initial studies related the appearance
energy (AE) to features of the protein:protein interfaces within
the complex, with AE defined arbitrarily as 10% fragmentation
to avoid ill-defined low-rise fragmentation onset values and
competition with alternative fragmentation pathways.”” Ini-
tially, a set of eight globular proteins that had a complete
complex structure deposited in the PDB were chosen. Energy-
resolved mass spectrometry (ERMS) plots were generated for
each complex, enabling the experimental AEs to be
determined. To determine the predicted AEs, Rosetta’s
InterFaceAnalyzer was used to calculate features of the
protein:protein interfaces, including interface area, hydrogen
bonds, and salt bridges.123 The study found that while
individual features could be correlated with experimental AE,
a more accurate AE prediction could be obtained when several
of these features were combined. Furthermore, predictions
could be improved by also considering a rigidity factor (RF),
which was based upon the intrasubunit salt bridges, hydrogen
bonds, and disulfide bonds and is thought to account for
differences in subunit propensity for partial unfolding upon
surface collision. The study found that the best prediction of
AE was obtained by having nonzero weights (w) for the
number of interacting residues (NRs) and unsatisfied hydro-
gen bonds (UHBs) at the interface, and for the RF, as shown
in eq 1.

AE 4 = wagNR — wygUHB — wpRF

pred

22.96 X NR — 126.62 X UHB — §17.20 X RF
(1)

The model suggested that proteins with a larger interface
have a higher AE, while lower flexibility (increased RF) and
higher numbers of UHB at the interface both result in lower
AEs. Using this relationship a strong correlation was obtained
between the predicted and observed AEs, as shown in Figure
4.7 This approach was then expanded to consider an
additional two complexes not included in the training set
which were predicted to have higher AE than those within the
training set. In fact, the correlation improved upon including
these complexes. The ability to predict AE from a structure and
compare it to an experimental AE is attractive for structure
validation/selection, when no solved structure exists but
predicted structures are available. Therefore, to test this
approach, the model was applied to study four complexes for
which there are no solved structures; three computationally
designed dodecamers and a protein complex for which a
homology model exists.**'** The predicted and experimental
AEs for these complexes show good correlation but not as high
as when a solved structure was used (in the training and test
sets). This is expected, as there may be some variation in
interface strength between the model and the experimental
structure. However, these results demonstrated that AE could
be predicted from structures and compared to experimental
AEs, which has promise in the selection of candidate structural
models for unknown systems.”” We note here that all of the
protein complexes used to date are somewhat globular and that
very different structural motifs (elongated coiled coils) might
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Figure 4. Predicted AE, based on the initial optimized model as
shown in eq 1, shows good correlation to experimental AE.
Reproduced with permission from ref 57. Copyright 2019 National
Academy of Sciences USA.

not fit on the same AE,, gicon line, although an appropriate
prediction could be attempted for different structural motifs.

This approach was more recently expanded, demonstrating
that SID AE could be used in combination with Rosetta to
successfully evaluate protein—protein docking poses.'*” First,
the SID AE prediction model was improved and then
incorporated into a scoring function which combined the
RosettaDock'*® scoring function with an SID scoring term,
quantifying the agreement between the experimental results
and structures generated from RosettaDock from substruc-
tures. The improved AE prediction model replaced UHB with
the hydrophobic surface area (HSA) of the interface (see eq
2), as it was found that poses with low interface RMSDs can
have significantly different UHB and hence prediction using
this term can be challenging.

AE = wygrNR — wyga HSA — wyRE

pred
5.15 X NR + 0.12 X HSA — 208.74 X RF

)

When the SID scoring term, using this model, was
incorporated, it was possible to predict structures with less
than 2 A RMSD from the native structure for 6/9 of the
complexes tested, while without the SID constraint, this was
only possible for 3/9 complexes.'** It was hypothesized that
the inclusion of SID helps RosettaDock identify native-like
structures based on interface size and hydrophobicity, as the
interfaces are scored based on number of interface residues and
buried hydrophobic surface area at the interface. However, this
approach relied on knowing the correct tertiary structure and
hence an approach in which less prior knowledge is required is
attractive. Current work has performed docking using input
structures from homology models, unbound crystal structures,
and bound and perturbed structures instead. In this case, both
flexible and symmetric docking were performed, and low
resolution cryo-EM density maps were included as an
additional method of scoring and ranking the structures.
Using this approach, and scoring with both cryo-EM and SID,
the RMSD;,, (normalized version of root-mean-square
deviation) to native was below 4 A for all 15 structures tested
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with ensemble docking. Full complex prediction via symmetric
docking also benefited from the inclusion of this data, with the
RMSD o, of the predicted structure less than 4 A for 14/15
cases, compared to only 5/15 without the data.

2.2. SID Provides Structural Information for Complexes
without Solved Structure

From the study of known structures, it has become clear that
SID is a promising tool to study the assembly and subunit
connectivity of protein complexes. SID consistently cleaves the
weakest interfaces in protein complexes, producing structurally
informative subcomplexes. Hence, SID can be a useful tool in
the study of protein complexes of unknown structure. This
approach shows even more promise when it can be combined
with computational approaches, model structures, and/or
complementary methods to propose or validate a structural
model. This information can be beneficial when protein
complex structures cannot be solved using traditional
techniques or when it is simpler and enabling to have the
SID data prior to collecting data that require greater effort/
time/expense.

A favorable feature of MS in the study of proteins and
protein complexes is the ability to separate and select different
species in a complex mixture. When samples are heteroge-
neous, traditional techniques can fail to produce unambiguous
or interpretable data, but in nMS the species of interest can be
mass selected and individually studied. Heterogeneity can be
attributed to the molecule itself (e.g., different proteoforms or
different conformations) or heterogeneity can be intentionally
introduced (e.g, in assembly/disassembly studies and subunit
exchange experiments). Shirzadeh et al. used nMS and SID to
provide insight into the disassembly and subunit exchange
mechanism of transthyretin.''” Transthyretin (TTR) is a
homotetramer which has been implicated in amyloidosis, but
the mechanism(s) surrounding fibril formation are not fully
understood."”® While two models had been previously
proposed for TTR tetramer disassembly, subunit exchange
experiments were carried out to distinguish between the
mechanisms proposed, mainly the production of monomer
through a dimer intermediate or from the tetramer itself.'*”'**
TTR is a dimer of dimers and low energy SID produces dimers
resulting from cleavage of the weakest interfaces.”® Combining
low-energy SID with subunit exchange experiments, greater
mechanistic details on the exchange and hence disassembly/
assembly mechanism can be obtained.'"” For example, if we
consider a tetramer containing two tagged (T) and two
untagged (U) monomers, there are different ways the
monomers could be arranged depending on the disassembly/
assembly mechanism; these unique arrangements would be
indistinguishable by precursor mass alone but can be
distinguished by SID in an MS/MS experiment as shown in
Figure S. Using nMS, SID, and subunit exchange over a range
of incubation times, the authors were able to validate the
previously proposed TTR disassembly model in which TTR
monomers are produced in a two-step mechanism wherein
tetramer dissociates to dimer which further dissociates into
monomers.'”” However, they were also able to further refine
the model and include the addition of parallel and early
formation of the heterotetramer with two tags from the dimer
assembly. In this case, the coupling of SID to subunit exchange
experiments was key to providing details on TTR dynamics.' '~

nMS in combination with SID can be used to study not only
protein:protein interactions but also ligand binding, either to

TR
w-ee

8 ev | | |

Figure S. SID can distinguish between different arrangements of
subunits. (A) SID from a sample at 4 °C of a TTR UU/TT tetramer,
yielding an MS spectrum with equal signal intensity for UU and TT
dimers. (B) SID-MS spectrum of an equimolar solution of UU/TT,
UT/UT, and UT/TU. Reproduced with permission from ref 119.
Copyright 2019 American Chemical Society.

determine binding site (as discussed below in the Orbitrap
section), investigate complex stability upon binding, or to
explore the interaction of proteins with RNA or
DNA, 38 10L129130° protein—RNA/DNA interactions are
crucial to understand as they facilitate many fundamental
biological processes, such as gene expression, RNA splicing,
and protein synthesis.">" Generating high resolution structures
of these complexes is often not possible, due in part to
challenges obtaining homogeneous samples at high enough
concentrations for traditional techniques. nMS is a promising
alternative characterization method that can handle low
concentrations and heterogeneous samples and hence can be
used to provide insight into structure and function. However, it
should be noted that Mg®" is often required for appropriate
RNA folding and thus for complex formation, which can pose
challenges with nMS experiments due to its nonvolatile
nature. >> Even so, low mM quantities are sometimes sufficient
for activity and can be handled by nMS.">"** One such study
utilized nMS and SID to determine the stoichiometry of
Pyrococcus furiosus RNaseP, which catalyzes maturation of
tRNA. SID of the assembled complex revealed the presence of
all four expected subunits, RPP21, RPP29, POPS, and RPP30,
and demonstrated that they were bound 1:1 with the catalytic
RNaseP RNA. CID, on the other hand, was unable to
dissociate this complex and determine the stoichiometry.'” In
another study, the Ebola virus matrix protein VP40 was
studied."* This protein exists in multiple different oligomeric
forms in order to perform its function (including an octameric
ring structure), and it is thought that host RNA may be
necessary for the transformation of VP40 from its structural
role to its essential nonstructural role in the virus life cycle. By
nMS, it was observed that the low weight SEC fractions were
consistent with the RNA free monomer and dimer while the
higher weight SEC yielded a broad unresolvable spectrum,
consistent with it binding a variety of RNA. Dissociation of a
portion of this unresolvable species with SID yielded dimer,
trimer, and tetramer, and hence it was thought that this
fraction corresponds to the ring. Interestingly, all subcomplexes
contained an additional mass of 4.7 kDa, attributed to a ligand
of unknown nature. In addition, incubation of the monomer/
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dimer with a 35 nucleotide DNA oligo was able to produce the
VP40 octameric ring, with two bound oligos, as demonstrated
with nMS. nMS was then used to determine oligonucleotide
binding and stoichiometry of the protein—RNA complexes for
a range of oligonucleotides, providing insight into this
transformer protein.133

In the absence of a solved structure, model structures often
exist for protein complexes, either homology models or, in the
case of computationally designed proteins, the designed
structure. Validating these models with experimental evidence
is often key. Native mass spectrometry, in conjunction with
SID in particular, is being utilized to study computationally
designed protein complexes, offering the advantage of rapid
structural characterization.***"*” In one such study, three
computationally designed heterododecamers with dihedral
point symmetry were characterized with SID-IM.** nMS first
confirmed the designed oligomeric state could be observed,
then SID experiments were performed to confirm the subunit
connectivity. The complexes were all designed such that two
trimers were connected by three dimers. SID was performed
over a range of energies to build detailed connectivity maps for
two of the complexes using low and mid-energy SID; the
products were consistent with the designed hetero-oligomeri-
zation interfaces and consistent with the designed structure.
For the third design, the dominant products at low energy SID
deviate from the expected dominant products based on the
protein—protein interfaces; however, the observed connectivity
maps are consistent with the designed structure. The difference
in onset may in part be due to some restructuring in the gas-
phase.*”

In the absence of a predetermined model structure, nMS and
SID can be used to guide model determination, either in
combination with docking as discussed in the previous section
or in combination with other techniques. One such complex
that benefitted from SID-guided structural determination is
toyocamycin nitrile hydratase (TNH) from Streptomyces
rimosus."'#''> TNH is a small (~85 kDa) heterohexamer
that was determined by nMS to be comprised of two a
subunits, two f subunits, and two y subunits. TNH is a
challenging complex to characterize with traditional techni-
ques. It is too large for NMR structure determination and
despite many efforts has proved challenging to study with both
X-ray crystallography (no crystals) and, recently, cryo-EM
(motion in the ice). In an initial SID study, it was determined
that the subunits were arranged in a dimer of afy trimers
arrangement.''* More recently, SID was combined with
additional MS-based methods of structure determination, as
shown in Figure 6.""° Performing SID over multiple energies
allowed the construction of a complete connectivity map and
enabled ranking of the interfacial strengths; from SID data it
was determined that the primary contact between the afy
trimers is the y—y subunits with a weaker contact between the
p—f subunits. The CCS of subunits from either solution
disruption’”"** or SID were then used as constraints in coarse-
grained modeling,"*”'*” enabling a model to be proposed. This
structure could be further refined using homology modeling
involving tetrameric nitrile hydratases, enabling possible
atomic structures to be proposed using CCS-guided coarse-
grained modeling and covalent labeling restraints.'*'~'*
Finally, the structures were further validated using chemical
cross-linking,l‘“"145 resulting in three proposed lowest-energy
hexamer models.'"> This combination of MS-based methods
enabled detailed structural information to be obtained on a
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Figure 6. Workflow for characterizing the TNH structure by

complementary mass spectrometric tools. Reproduced with permis-
sion from ref 115. Copyright 2015 American Chemical Society.

protein complex that has been challenging to study with
traditional techniques. Cryo-EM studies have since subse-
quently been attempted for this complex, but its small size
coupled with its propensity to move in the ice means that only
low-resolution maps could be obtained, however, two of three
MS proposed structures fit the low-resolution envelopes.
Another example in which SID and nMS were utilized to
guide modeling is the multicopper oxidase Mnx from Bacillus
sp., which has also proved challenging to characterize with
traditional techniques. Mnx is known to be comprised of three
subunits, MnxE, MnxF, and MnxG. MnxE and MnxF are very
similar in size (both ~12 kDa), making them difficult to
distinguish in low resolution methods. Furthermore, these two
subunits (MnxE/F) do not have homologues of known
structure, making homology modeling impossible. The average
diameter of the complex could be determined using trans-
mission electron microscopy‘121 However, to obtain more
detailed structural information, alternative methods for
structural elucidation had to be considered. The intact complex
is ~210 kDa and by total mss was thought to be composed of
one MnxG subunit and six MnxE/F subunits, although it was
not clear how many E and F were present or how they were
arranged. While collision-induced dissociation could not
provide information on the assembly of the complex, SID
determined that the complex was composed of a MnxG
subunit bound to a MnxE;F; hexamer. Increasing the SID
energy allowed the MnxE;F; hexamer to be further dissociated;
in this case, all possible oligomeric states (monomer to
pentamer) were observed, consistent with a cyclic hexamer. On
the basis of the observed subcomplexes (e.g, EF dimers, EFE
and FEF trimers, etc.), it was proposed that the hexamer has an
alternating MnxE/MnxF arrangement. The information from
SID was then combined with docking of ab initio models of
MnxE and MnxF and a homology model of MnxG, allowing a
proposed model to be built, as shown in Figure 7, although one
should always remember that more than one model can fit the
measured CCS values.'”" These experiments again highlighted
the power of SID coupled with computational modeling to
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Figure 7. Using data from nMS and SID experiments, along with
homology and ab initio models, a structural model for Mnx could be
proposed. Reproduced with permission from ref 121. Copyright 2017
Springer Nature.

propose a connectivity map in the absence of a high-resolution
crystal structure. Low resolution cryoEM maps have
subsequently been obtained that are consistent with the SID
proposed structure [unpublished].

2.3. Complementarity of SID and High-Resolution
Structural Biology Techniques

In addition to cases such as TNH and Mnx, where SID
provided connectivity information in the absence of cryoEM or
X-ray structures, SID has also proven beneficial for complexes
that have been studied using traditional techniques, but when
distinction of subunits is not possible even with high-resolution
structures available. One such example is pyridoxine biosyn-
thesis protein 1 (PDX1) from Arabidopsis thaliana, of which
there are three homologues, PDX1.1, PDX1.2, and PDX1.3.
PDX 1.1 and PDX1.3 are catalytically active enzymes, while
PDX1.2 is inactive."* However, it has been shown that
PDX1.2 forms dodecameric heterocomplexes with either
PDX1.1 or PDX1.3."* Previous studies have sought to solve
the structure of these mixed complexes and, while PDX1.2/
PDX1.3 heterocomplexes could be crystallized, the positions of
the individual proteins could not be pinpointed.'** However, it
was proposed that the likely assembly would be a hexamer ring
of active PDX1.1 or PDX1.3 stacked on top of an inactive
hexamer ring of PDX 1.2."*'*® Recent studies using cell-free
expression of PDX heterocomplexes found that a range of
different heterododecamers could be observed, and by varying
the input DNA ratio (and hence the protein ratios), the full
range of cocomplexes from 0:12 to 12:0 could be observed.'*’
These complexes, along with the PDX1.2 dodecamer, were
studied with cryo-EM, and while a 3.2 A resolution structure
consistent with the stacked ring structure could be
reconstructed for PDX1.2, the mixed PDX1.2/1.3 structures
posed challenges, due in part to the variability in the
stoichiometry of the coexpressed samples. A well-defined
two-ring fold could be observed for PDX1.2/1.3 hetero-
dodecamer; however, like with the previous crystal structure of
PDX1.2/PDX1.3, the two different subunits could not be
distinguished in the structure. To provide insight into subunit
arrangement, the 6:6 PDX1.2:PDX1.3 and other complexes
were studied with SID (each co-complex from 0:12 to 12:0 was
fragmented by SID). MS offers an advantage in such studies
because even when multiple stoichiometries exist, a single
species can be mass-selected and investigated. When
dissociated by SID, the most abundant product of the 6:6

dodecamer was hexamer, consistent with a dodecamer formed
via stacking of two hexamer rings. Interestingly, the hexamers
were found to contain both PDX1.2 and PDX1.3 in varying
ratios, including 3:3 (dominant), 2:4, and 4:2. This suggests
that the 6:6 12mers are formed in either the [3:3 and 3:3] or
[2:4 and 4:2] combination of PDX1.2:PDX1.3, as opposed to
the stacked homohexamer rings. The SID results suggest that
the coassembly is based on stochastic subunit incorporation at
different locations but with a degree of symmetry."* This
study demonstrates that complementing high-resolution
techniques such as cryo-EM or X-ray crystallography with
nMS and SID can provide increased information on
heterogeneous complexes.

3. SID INSTRUMENTATION FOR NATIVE MASS
SPECTROMETRY

SID can be accomplished on virtually any mass spectrometer,
from trapping instruments exemplified by quadrupole (or
linear) ion traps (QITs),"" electrostatic linear ion traps
(ELITs), 015! O1‘bitraps,103’105 and FT-
ICRs' 7104131527154 6 transmission configurations (single
or multiple quadrupoles'*>'*® and TOF plat-
forms®>'9%!171577162) and even hybrid configurations utilizing
combinations of trapping and transmission ion optics. If SID is
performed in a trapping region, which can be a mass analyzer
(FT-ICR cell, QIT, ELIT) or a multipole ion trap (e.g,
collision cell), then the SID voltages must usually be pulsed as
a tandem-in-time MS/MS configuration. In contrast, trans-
mission ion optics necessitate a transmission SID configuration
in which the potentials are static but optimized for SID
sensitivity. One exception is SID inside a TOF reflectron,'® in
which case, transmission is achieved even though the surface
voltage is pulsed sequentially with the TOF injection voltages.

There are a variety of important choices to consider when
designing SID devices and implementing them in new or
existing platforms. Utilizing SID to probe noncovalent protein
complexes necessitates the evaluation of additional instrument
parameters such as the available mass and energy range,
pressure, and ion heating (which can cause structural
rearrangementsgz’ug). Next, we will discuss general design
principles for SID cells, focusing on the effect of SID cell
geometry and instrument parameters on the analysis of protein
complexes by SID-MS. We then discuss these parameters in
conjunction with published SID cell designs that have been
successfully utilized to probe the structures of noncovalent
protein complexes on Q-IM-TOF, Orbitrap, FT-ICR, and
ELIT platforms to evaluate strengths and weaknesses of each
design, with a particular emphasis on sensitivity, mass range,
energy range, and usefulness/applicability, and how SID and
IM couple together to create a workhorse for tertiary and
quaternary structure determination. We will conclude this
section with a perspective on the future of SID instrumentation
for native mass spectrometry guided structural biology.

3.1. General Design Principles for SID Devices

Fundamentally, SID involves collision of a projectile ion with a
surface for ion activation to induce unimolecular dissociation
sometime later. SID patterns are indicative of the assembly and
interfacial interactions of noncovalent protein complexes,
enabling the creation of connectivity maps between the

individual subunits, as shown for a variety of examples in
45,50,57
Table 1.
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To effect a surface collision, the analyte ion must be
accelerated to a particular kinetic energy by raising the voltages
on all ion optics preceding the SID surface or similarly by
dropping the voltages on the surface and all ion optics behind
the surface. It is important that the collision energy, the ion’s
kinetic energy at the moment of surface collision, is accurately
and precisely defined so that laboratory frame SID collision
energies are comparable across experiments and instrument
platforms. It is thus important to determine where the ion has
its last meaningful collision with background gas molecules so
that its effective birth potential can be determined. The voltage
difference (AV) between the electrode in this region and the
SID surface multiplied by the ion charge state (z) is the
laboratory frame SID collision energy (Epsp), eq 3

E s =AVXz (3)

The maximum energy that is available for internalization and
redistribution into the ion’s many degrees of freedom is

Ecom = [My/ Moy + M)l X Ej a5 4)

where Eqy, is the center-of-mass energy, My is the mass of the
neutral target (gas molecule in CID or surface in SID), and
Moy is the mass of the analyte projectile ion. It is obvious
from this equation that the efficiency of energy transfer to the
projectile increases with the mass of the target, ie., per-
collision energy deposition in SID is more efficient than in
CID as a first approximation simply because the surface mass is
much greater than the ion’s mass. We will expand upon this
concept later when we discuss the mechanism for SID of
protein complexes.

The ions that collide with the surface must then be extracted
off the surface and be transmitted and/or trapped throughout
the remainder of the instrument. Fragmentation of a protein
complex by SID can be followed by a combination of ion
mobility separation,® further stages of mass selection and
fragmentation,'**"'>"* other gas-phase manipulations (e.g,,
charge manipulation, hydrogen—deuterium exchange, etc.),
and mass analysis, so that structural information can be
maximized in each experiment, providing comprehensive
topological maps and ligand-binding information. The SID
device geometry and surface material, incidence and scattering
angles, ion beam velocity and position distribution, pressure,
and collision energy are all important experimental variables to
optimize, discussed next in the context of protein complexes.

3.1.1. SID Design Considerations: General Guidelines.
A first consideration in the design of an SID cell is whether to
use dc-only optics or a combination of rf and dc potentials. For
straightforward cases of product ions of a single charge state
and similar kinetic energies, dc optics such as Einzel lenses and
immersion lenses provide less biased ion transmission than rf
optics (multipoles and rf ion traps), which have low-mass
cutoffs and a drop-off in transmission at high m/z due to
insufficient pseudopotential well depth. Arrangements of dc
lenses can act as kinetic energy analyzers, but the effect on m/
z-dependent ion transmission is less severe. dc optics also yield
more predictable ion trajectories than oscillating rf devices,
making collision with a surface and ion trajectory modeling
more straightforward. However, multipoles and ion traps are
excellent ion focusing devices, particularly when filled with a
neutral background gas such as helium or nitrogen at low
pressure (<107 Torr). Efficient collection of ions after SID
can be challenging because the analyte projectiles scatter off
the surface with a wide range of m/z values, angles, and kinetic

energies, but rf optics such as collision cells and multipole ion
guides are well suited for trapping and transmission of diverse
ion beams. Providing a focused ion beam prior to collision is
important for SID sensitivity and can be accomplished with rf
multipoles and quadrupoles or immersion lenses and einzel
lenses. In summary, it is best to utilize dc optics in the vicinity
of the surface to avoid fringing rf fields from multipoles while
taking advantage of the focusing capabilities of rf optics in
order to maximize sensitivity. Regardless of design, prior to
fabrication and testing of a new SID cell, results from ion
optics simulations (e.g, SIMION) should be examined in
detail in order to iteratively refine the design for optimum
transmission,' > 0>!17158

A second design consideration is whether the SID voltages
should be pulsed or constant and whether SID is accomplished
on-axis or off-axis. Pulsed configurations can only be achieved
in ion traps such as QITs,"*° FT-ICR cells,"**"**'°* and ELITs
(one such experimental setup is discussed later)''*>" or TOF
relectrons'®>'®* and rely on fast-switching dc power supplies
to cause collision with an on-axis surface over a period of 10°—
10" us. These configurations are common in FT-ICR
experiments but are decreasing in popularity as more versatile
hybrid mass spectrometer configurations become more
prevalent. The strict timing requirements make these experi-
ments difficult, and so transmission SID configurations have
gained in popularity for nMS.

Older transmission SID configurations utilized orthogonal
combinations of quadrupoles, electric and magnetic sectors,
and time-of-flight analyzers to direct projectiles into a surface
mounted at ~45° and subsequently to collect and mass analyze
the scattered product ions.'> 371031997198 Girictly speaking,
these configurations could be considered “on-axis” because the
ion beam need not be deflected for the initial collision,
although scattered ions are collected on the orthogonal axis. In
modern hybrid mass spectrometers suitable for native mass
spectrometry (FT-ICR, IM-TOF, and Orbitraps), the optics
are generally arranged linearly, save for orthogonal injection
TOF analyzers and Orbitrap hybrids, and as a result the
development of SID devices utilizing off-axis surfaces became
necessary so that the collision target is not directly in the ion
path 3¥10#103 0SS TSI (gyally, the surface is mounted
such that its normal is perpendicular to the ions’ direction of
travel, requiring deflection into the surface and extraction of
the scattered beam into the remainder of the instrument. The
voltages in transmission SID are static and usually need not be
synced with instrument electronics, making implementation
easier than pulsed SID. Ideally, voltages are supplied by
internal power supplies, but this is often not possible when
retrofitting commercial instruments, thus requiring additional
external circuitry (and in the case of pulsed SID, timing
circuits). SID voltages are preferably controlled in the native
instrument software (or simple auxiliary software) with
minimal user intervention but options for additional control
for advanced users. Transmission SID cells ought to be simple
yet efficient. The greater the number of electrodes, the more
complex the fabrication, assembly, and installation, which can
increase the possibility of alignment errors and device-to-
device variability. Moreover, complex configurations can be
difficult (for nonexperts) to use and tune. Importantly, SID
cells that take up substantial volume for installation may
require truncation of important elements originating in the
instrument, which can compromise mass range, sensitivity, and
dynamic range.'*>'%>'"?
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There are other important device specifications which need
be considered, but discussing them in detail is beyond the
scope of this text (for further information, refer to ref 169).
Surface material and morphology are well-known to alter
chemical and physical reactions as the projectile interacts with
the surface; the internal energy deposition, generally ~15—
20%, and kinetic energy retention and dispersion are also
dependent upon surface rigidity and morphology.'”*~""* Self-
assembled monolayers (SAMs) of long fluorinated hydro-
carbon chains on gold have been the most prominent surface
material in the literature,"’*'”* both for small molecules and
protein complexes because they increase internal energy
deposition and reduce neutralization and other deleterious
reactions on the surface, which can otherwise chemically alter
analyte ions and their fragments.”é Several studies throughout
the literature have shown that for both small molecules and
multiply charged ions such as proteins and protein complexes,
stainless steel surfaces are sufficient SID tar-
gets. 7/ 10BHITISSTISTITT The extent of neutralization of protein
complexes has not been explicitly characterized, but it is
thought to play only a minor role for these types of ions.
Moreover, the effects of surface material on SID fragmentation
dynamics and patterns for protein complexes have not been
explicitly characterized, an important goal of recent work in the
Wrysocki laboratory.

3.1.2. Special Considerations for Native Mass Spec-
trometry. Throughout the ~45-year history of SID develop-
ment, small organic molecules and peptides have been the
subject of most studies."”® Only in the mid-2000s, many years
after the invention of electrospray ionization® and the resulting
emergence of native mass spectrometry,1’84’179’180 was it
illustrated that SID could provide valuable topological
information when fragmenting protein complexes.’*”" Trans-
porting protein complexes to the gas phase from solution,
transmitting them through the mass spectrometer, and
fragmenting them has proven much more difficult than for
small molecules. Special considerations and instrument
modifications have been necessary to accomplish SID (and,
more broadly, transmission and mass analysis) of such large
molecules.

First, almost all instruments rely on high pressure differential
vacuum stages, pressurized multipoles, and collision cells for
collisional cooling of ions, which serves to narrow the
distributions of kinetic energies and positions of the ions
produced in the ion source and thereby increase transmission
through the remainder of the instrument. Because protein
complexes are orders of magnitude larger than small molecules
(tens to hundreds of kDa vs <1000 Da), their collisions with
low-mass background gas molecules are less effective on a per-
collision basis. It has thus been necessary to increase the
pressure near the ion source as well as in ion guides and
collision cells in order to increase the number of cooling
collisions and so transmit complexes more effectively.'®"'®
Increasing the pressure in collision cells allows more efficient
dissociation of large noncovalent protein complexes which are
otherwise difficult to fragment if the number of collisions or
collision energy is insufficient."™'% For example, the
Robinson group modified a Micromass QTOF 1I'*® and the
Heck group modified a Micromass QTOF I for native mass
spectrometry, in part, by increasing the pressures near the
source and in the collision cell and by dropping the selection
quadrupole rf frequency to improve high m/z transmission and
isolation.'® The same rationale can be applied to SID of

protein complexes. It is imperative that the ion beam is focused
and efliciently transmitted from the source to the SID cell as
well as collected and trapped/transmitted through the
remainder of the instrument after collision. It is preferable to
conduct SID in a low pressure region (<1075 Torr) so as to
prevent “CID contamination” and to reduce ion scattering,
although SID in higher pressure regions is sometimes
necessary and effective, but it is also necessary to collisionally
cool scattered complexes and fragments after collision because
they will retain 5S—60% of the collision energy as axial kinetic
energy (based on recently conducted measurements in our
laboratory), which must eventually be dissipated.'**

On a related note, while increasing pressure improves
transmission of large ions through the mass spectrometer,
efficient transmission through multipoles and other rf optics
can only be accomplished in combination with appropriate rf
potentials. In general, rf frequencies need to be lowered and
voltages raised in order to provide an ample pseudopotential
well for confining high m/z ions radially and thus avoid m/z
biases in SID fragmentation spectra.'®*~'®> The mass range of
quadrupoles and multipoles is more sensitive to changes in rf
voltage or frequency than stacked ring ion guides. The
frequencies of quadrupole rf drivers must also be lowered (a
more practical choice than raising the maximum voltage, which
can cause electrical breakdown) to enable mass selection at
high m/z."*>"**'% Ton mobility may also serve as a selection
device if it precedes the SID cell."*”"*’

The discussion of greater rf voltages and dc gradients leads
naturally to a concern that excessive “heating” of proteins,
protein complexes, and fragments can restructure them. As we
will discuss later, SID fragmentation patterns are sensitive to
changes in tertiary and quaternary structures of com-
plexes,*>*>"'%1%% 4 feature that is attractive for structural
characterization and determination of upstream “heating” of
the ions, and therefore it is particularly critical to maintain
“soft” instrument conditions prior to collision if a native
topology map is desired. Proteins can also restructure in rf
trapping regions, although the extent depends on many factors,
including pressure, rf voltage, 1f frequency, ion residence time,
and device geometry.*”*"'*"** Whether before or after SID,
restructuring of macromolecular ions also alters the collision
cross sections obtained from ion mobility measurements and
thus should be avoided when studying native-like structures.

There are several additional parameters that are important to
SID-IM-MS measurements. The energy range and overall mass
range of new generations of TOFs, Orbitraps, and FT-ICRs are
suitable for native SID-MS, but these considerations are of
concern for older instruments or instruments designed
primarily for “omics” work. As the analyte mass increases
into the MDa range and beyond in the near future, access to
greater collision energies will be necessary due to the increased
degrees of freedom of these enormous species. Utilization of
collision voltages within commercial instruments requires
placement of the SID cell just prior to the commercial
collision cell'®>'**">? (or replacing it with a hybrid SID-CID
cell'”>'"?) or prior to the IM cell in Waters Q-IM-TOFs”*">*
but is the most sensible choice to achieve the desired 200—300
V voltage range so that even large noncovalent complexes (e.g.,
human 20S proteasome'*”'%® and GroEL**'"") can be
dissociated by SID.

https://doi.org/10.1021/acs.chemrev.1c00309
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3.2. SID Cells for Native Mass Spectrometry

While the use of SID for analytical MS/MS stretches back to
the mid-1980s,"” its application to structural biology studies of
native proteins and protein complexes is a more recent effort
pioneered by the Wysocki group. SID has been installed into
multiple instrument platforms with a wide array of ca?ablhtles,
from Waters Q-IM-TOF instruments®>'0>! 7120158159 4417
ing ion mobility as an orthogonal characterization scheme to
high-resolution Orbitrap Exactives with extended mass
ranges'*”'% and an ultrahigh resolution FT-ICR.'**7'9%!''?
In this section, we will discuss the evolution of SID cells on
each platform and the unique advantages each offers in the SID
experiment. A special focus on the coupling of SID and IM for
protein structural determination will also be presented.

3.2.1. SID Cells for IM-TOF Instruments. Ion mobility
platforms can offer an additional stage of selectivity prior to
final mass analysis by separating analyte ions based on their
rotationally averaged collision cross sections, a useful mode of
characterization for conformationally dynamic molecules like
proteins and protein assemblies.'”” Ton mobility enables the
observation of changes in protein conformation due to gas-
phase restructuring (ion heating), interactions with gas-phase
or solution-phase reactants, changes in solution conditions
(e.g, pH or ionic strength), and binding events with ligands,
RNA, DNA, or other proteins.

The Wysocki group installed a 10-lens in-line SID cell in a
Waters/Micromass QTOF II mass spectrometer by removing
the ion transfer hexapole bridging the collision cell and the
TOF chamber."*® After modification, the QTOF II config-
uration consisted of a nESI source, a quadrupole mass filter, an
SID cell, and a CID cell followed by a TOF analyzer. Although
this instrument does not have an ion mobility cell, it was a
precursor to the Waters Synapt Q-IM-TOF instruments
equipped with traveling wave ion mobility cells,"”* which all
utilized nearly identical SID cells.””” Among the proteins
investigated initially on the QTOF II was the previously
discussed toyocamycin nitrile hydratase (TNH), a hetero-
hexameric Co-binding protein complex that consists of two
each of three unique subunits (o, 21.2 kDa; 3, 10.1 kDa; ¥,
11.5 kDa) and which has been resistant to characterization
using traditional high-resolution methods, as discussed
previously.''* The differences in the CID (Figure 8a) and
SID (Figure 8b) fragmentation patterns of the 19+ precursor
illustrate the increase in connectivity information between gas-
phase collisions and a surface collision even with early
prototype SID cells. CID of the 19+ precursor results in
ejection of @ and f monomers, yet SID generates afly
heterotrimers as the most abundant fragment ion, as illustrated
in Figure 8c. This is consistent with the SID-determined
dimer-of-heterotrimers connectivity of the subunits, which
would otherwise be unclear from the CID spectrum. We can
make further conclusions about the substructure of TNH using
additional fragments that are unique to the SID spectrum, as
will be discussed in detail later.

For practical purposes, we will discuss the SID cell design in
the context of the Waters Synapt G2 platform'”* (shown in
Figure 9a), which consists of a nESI source, a high pressure
traveling wave ion guide (TWIG), a high m/z quadrupole, two
TWIGsS serving as collision cells on either side of the traveling
wave ion mobility cell, and finally a TOF analyzer. SID devices
incorporated on the G2 platform are also compatible with the
G2-S platform, which incorporates a stepwave ion guide in the
front end of the instrument. The “Gen 1” SID cell installed in
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Figure 8. Comparison of (a) CID and (b) SID spectra of 19+
toyocamycin nitrile hydratase heterohexamer (afy), on a Micromass/
Waters QTOF II mass spectrometer retrofitted with a Gen 1 SID
device and (c) illustration of the main dissociation pathways.
Reproduced with permission from ref 114. Copyright 2011 American
Chemical Society.

the QTOF II as well as Waters Synapt G2 and G2-S mass
spectrometers is shown in Figure 9b.”>">*'” This SID cell is
approximately 3.0 cm in length. Accommodations were made
in the Synapt by truncating either the Trap or Transfer TWIG
by the corresponding amount. This truncation would normally
be deleterious to instrument sensitivity but in this case has
little effect due to the enormous ion capacity of the Trap cell.
The “Gen 1”7 SID cell is composed of three primary regions:
(1) an immersion lens to focus the precursor ion beam, (2) a
surface collision region wherein a series of deflectors guide the
analyte ions for collision with the surface and subsequently
extract the ions away from the surface, and (3) a product ion
collection and focusing region formed by another immersion
lens. The electrodes are made of stainless steel, while the
assembly is held together by PEEK on a stainless steel
mounting bracket. The surface is a glass slide mounted to a
stainless steel holder electrode. The glass slide is covered with
a 10 A layer of titanium and a 1000 A layer of gold. A self-
assembled monolayer (SAM) is created by immersing the gold
surface in an ethanolic solution of a fluorinated hydrocarbon,
e.g, 2-(perfluorodecyl)ethanethiol."*® In some instances,
stainless steel surfaces have been utilized with similar
results.' "7

The placement of the SID device enables excellent
experimental flexibility. Ions generated by nESI can be mass
selected by the quadrupole and either stored, or activated
(CIU or CID), and thermalized in the Trap TWIG. In
mobility-TOF mode, the ions are stored in the Trap during the
prior scan’s IM separation (~20 ms), after which they are
pulsed into the SID cell, where they can be subjected to
activation via a surface collision or can simply be passed
through the cell in transmission mode. Any remaining
precursor and fragment ions are then mobility separated in
the traveling wave ion mobility cell and can then be activated
further in the Transfer TWIG or transmitted to the TOF for
detection. The SID collision energy in this SID-IM
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devices can be located before and after the IM cell, whereas the Gen 3 install location is in the quadrupole chamber prior to the Trap.

configuration is defined as the potential difference between the
Trap cell and the surface multiplied by the ion charge state. It
is worth noting, though, that the traveling waves during ion
ejection from the Trap and cell high pressure may also affect
the kinetic energy distributions of precursor ions and thereby
alter the effective collision energy.

The robustness and usefulness of SID prior to IM allows the
relative quantitation of oligomers with the same m/z as well as
the monitoring of changes in precursor and fragment ion
conformation, which can be compared between “hot/harsh”
and “cold/soft” conditions, denaturing solution conditions, and
“native” conditions. For example, returning to the TNH
example discussed earlier, the QTOF II did not have IM
capabilities, so the complexity of the TNH SID spectrum made
interpretation and evaluation of fragment ions of low
abundance difficult. Figure 10a shows the low-energy (700
eV) SID-IM-MS spectrum of 14+ TNH obtained on a G2-S
platform,'"> with IM serving as an orthogonal separation
mechanism to disambiguate heterotrimer fragments from
unfragmented precursor ions, which have the same nominal
m/z values. At higher SID collision energy (Figure 10b, 1680
eV), more fragmentation of the hexamer and secondary
fragmentation of the heterotrimers is induced, resulting in a
substantial increase in topologically informative peaks that are
resolved by ion mobility, even for species of low abundance.
For example, on the basis of the mobiligram in Figure 10b, we
can suggest the following interactions between individual
subunits: (1) detection of @8 as an abundant SID fragment
suggests a strong interfacial overlap between @ and f, (2)
observation of yy suggests a connection between the ¥
monomers, (3) detection of ay implies an interaction between
these two subunits, (4) observation of fy suggests an
intersubunit interaction, and (S) tetramers fayy and affa
as complements of aff and yy are further indicative of the
overall subunit arrangement. The fragmentation patterns from
the SID-IM-MS experiment were key in proposing the first
connectivity map for TNH. This seminal work provides a
glimpse into the usefulness of SID for native mass
spectrometry guided structural biology.
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Figure 10. SID-IM reveals the connectivity within a heterohexamer.
SID-IM of 14+ TNH on a Waters G2-S fitted with a Gen 1 SID
device prior to the IM cell. Shown are low- and high-energy spectra at
(a) 700 eV and (b) 1680 eV, respectively. Reproduced with
permission from ref 115. Copyright 2015 American Chemical Society.

In some cases, it may be useful to conduct IM separation
prior to SID. For example, if a protein complex is
heterogeneous, existing in multiple conformations that have
similar charge state distributions, they cannot be disambig-
uated by the quadrupole or the TOF but may be separated by
collision cross section. Zhou et al. placed a Gen 1 SID cell after
the IM cell in a SynaFt G2 by truncating the Transfer TWIG
instead of the Trap.>” Mobility-separated CsI cluster ions,
transthyretin, and human serum amyloid P (SAP) oligomers
were characterized by SID. Two conformers of the SAP
dodecamers were observed, and mobility separation allowed
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distinct SID patterns to be obtained for the less compact and
more compact oligomers. Quintyn et. al illustrated an SID-IM-
SID configuration taking advantage of the placement of dual
SID cells prior to and after the IM cell of a Synapt G2-S
platform, discussed in section 3.2.5.1%°

Although the Gen 1 SID cell has been installed on several
different platforms (Q-IM-TOF, Orbitrap, and FT-ICR), not
all instruments have the luxury of being able to accommodate
an SID cell 3 cm in length. On the Synapts, truncation of either
the Trap or Transfer TWIGs has minimal impact on
performance, not only because these cells are long to begin
with (~13 cm) and thus have high ion capacity, but also
because ions are only accumulated in the Trap for a brief
amount of time (~20 ms) prior to injection into the ion
mobility cell. Even so, it became necessary to reconsider the
design of the SID cell with a focus on (1) decreasing the SID
cell volume, (2) reducing the number of independent
electrodes to simplify tuning, and (3) increasing SID efficiency
and thus sensitivity by improving ion collection after surface
collision.

These considerations gave rise to “Gen 2” and “Gen 3” SID
cells on the Synapt'®*"'” and FT-ICR'**'® platforms. For
Synapt platforms, Stiving et al. designed a shortened and
simplified “Gen 2” SID cell consisting of five dc-only electrodes
and a dc-only ion carpet to improve collection of product ions
after collision (Figure 9¢).""” The first two electrodes serve as
an immersion lens for ion focusing prior to collision, and a
single deflector guides ions into the surface for collision. The
surface is tilted to improve ease of ion extraction compared to
a level surface that is farther off axis. The ion carpet, which
consists of a series of concentric ring electrodes connected by a
voltage divider, creates a 3D potential well which focuses ions
toward the center aperture of the device.'”> Overall the device
length was ~1.6 cm, a nearly 50% reduction in size. The SID
spectra of several model protein complexes were investigated
and compared to the Gen 1 SID cell. An improvement in
product ion collection at low SID energy was noted, as well as
improvements to energy resolved SID curves (smoother
transitions between energies), but the device showed lower
ion transmission for large complexes and at high SID energies.
A similar cell design was briefly adopted on the solariX FT-ICR
platform, discussed later.

The requirement for truncation of the Trap TWIG for both
the Gen 1 and Gen 2 SID cells as well as the lingering tuning
complexity prompted the design and implementation of a
much simpler third generation (“Gen 3”) design, shown in
Figure 9d.'” The Gen 3 SID cell is located behind the
quadrupole mass filter, taking the place of the preinstalled
dynamic range enhancement (DRE) lens, and simplifies the
cell design to three electrodes: a deflector to guide ions into
the surface, a stainless steel surface, and an extractor. The three
electrodes are arranged in a split lens arrangement taking up
approximately 3—4 mm along the optical axis, an order of
magnitude reduction in size from the Gen 1 cell design. The
relocation of the SID cell in front of the trap allows
thermalization of SID fragment ions prior to injection into
the ion mobility cell without compromising the mass selection
or ion mobility capabilities of the instrument. An extensive
characterization of the device showed 2—5X improvements to
sensitivity at low SID voltages (<4S V), modest sensitivity
improvements for large complexes analyzed at high SID
voltages, and otherwise similar sensitivities to the Gen 1
configurations. The simplification of the Gen 3 cell led to the

first commercialization of SID on Waters’ Select Series Cyclic
IMS (cIMS)."”® The cIMS offers improved IM resolution as
well as multifunction capabilities for mobility selection and
activation in the cIMS array."”’

As SID is primarily useful for informing on the stoichiometry
and topology of noncovalent protein complexes (quaternary
structure),” it is desirable to combine it with other MS/MS
activation techniques that provide complementary information
on, for example, primary structure. Although SID can generate
primary sequence fragments from peptides and proteins,'”®
only limited sequence information can be acquired because
dominant g, b, and y, but not ¢ and z, fragments are created
from backbone cleavages. UVPD, pioneered by the Brodbelt
research group for proteins and protein complexes, offers a
high sequence coverage alternative activation technique for
probin§ the primary structures of proteins and pepti-
des.®"""%1%’ The Barran group demonstrated 266 nm UVPD
of mobility-selected flavin mononucleotides, peptides, and
proteins in the Transfer cell of a Synapt G2-S using a gate-and-
trap scheme.””""*"> The peptides gramicidin A and melittin
had several conformations that exhibited unique dissociation
patterns, with the more compact conformers exhibiting fewer
cleavages. The Barran group also utilized IM-UVPD to study
the unfolding of the proteins ubiquitin, cytochrome ¢, and
myoglobin with a 213 nm laser’®” and have more recently
combined multiplexed fragmentation strategies (UVPD-IM-
CID) to characterize cytochrome c, hemoglobin, and
concanavalin A.””> Notably, for this setup UVPD was
accomplished prior to IM by irradiating the analytes in the
Trap TWIG instead of the Transfer cell. Stiving et al. utilized a
gate-and-trap scheme to probe the structures of several model
peptides by UVPD, where insulin chain B, melittin, and
conformationally selected species including des-Argl and des-
Arg9, were irradiated by 193 nm UVPD in the Transfer cell of
a Synapt G2-S.”°* A future goal of the work is to implement
SID-IM-UVPD for complete “complex-down” characterization
of noncovalent protein complexes, with SID generating
topologically important subcomplexes that can be irradiated
by UVPD, or energized by electron-based activation methods,
ExD,”” 7% to generate sequence fragments that inform on the
folding and interfacial interactions between subunits.

3.2.1.1. SID-IM. Now that we have discussed instrumenta-
tion for combining SID with ion mobility, we can more
specifically describe why they are so often used in conjunction
with one another. Ion mobility can distinguish between species
of the same m/z but different mobilities, including multiple
conformations of the same species or species with different
oligomeric states (e.g, a doubly charged dimer and singly
charged monomer will have the same nominal mass-to-charge
but different mobilities). As discussed above, this feature of ion
mobility makes it particularly useful in protein complex SID
studies, in which a range of products of different oligomeric
states can be observed. In addition, the symmetric charge
partitioning observed in SID often results in the oligomers
overlapping in the m/z dimension.”” When SID is installed
prior to the ion mobility cell, IM can be exploited to help
deconvolve and interpret the data. This is particularly
advantageous for larger oligomers or systems with many
dissociation pathways. One such example is the cyclic
undecameric protein, trp RNA-binding attenuation protein
(TRAP). Because of the equal interfaces between the subunits,
when TRAP is subjected to SID, it produces all fossible
subcomplexes from monomer to decamer (Figure 11)."'% By
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Figure 11. Surface-induced dissociation of 91 kDa homo-11mer holoTRAP 16+ (charge reduced with TEAA and with 14 equiv of trp) on a cyclic
ion mobility spectrometer yields all possible subcomplexes, requiring separation by ion mobility. Adapted with permission from ref 208. Copyright

2021 the Royal Society of Chemistry.

using IM after SID, the different oligomers, which overlap in
m/z, can be clearly separated and distinguished. Each
oligomeric state lies on a “trendline” in the mobilogram as
they all have similar compact CCSs and their drift times scale
with charge. This has proven useful for many systems,
including the ~801 kDa 14-mer GroEL, which consists of
two stacked heptamer rings. By SID, this complex dissociates
to the heptamer along with all additional possible products
(monomer to 13mer); interpreting the data was made
significantly easier through the addition of mobility separa-
tion.*®

IM clearly offers advantages for SID data interpretation due
to its ability to separate overlapping oligomers at the same m/
z, which is also possible using high-resolution MS instead of
IM.'>'%!3 However, IM can also provide increased
structural information when the rotationally averaged CCS is
determined.®”?*?°”*'® These experiments can either be
performed in tandem on the same instrument, or on different
platforms, depending on the experimental design and require-
ments. One such study by Jacobs et al. investigated the
cooperativity of copper binding in the homotetrameric copper-
sensitive operon repressor (CsoR) and combined results from
high-resolution drift tube ion mobility with SID on a separate
platform.”'" MS titrations revealed that Cu' binding is
cooperative. From IM, the authors found that, interestingly,
the holo tetramer was more compact than the apo tetramer,
and the level of compaction was dependent on the number of
Cu' bound with compaction being observed upon the initial
Cu' binding, with no variation upon binding of the second and
third Cu' and a final additional compaction upon the fourth
Cu' binding. SID also showed marked differences with Cu'
binding. When the tetramer was fully loaded, not only was it
more resistant to fragmentation, but instead of fragmenting
primarily to monomer as it did in the apo and partially loaded
samples, a relatively high proportion of dimer was observed
along with the monomer. This change in fragmentation was
attributed to the strong, subunit-bridging, coordinate covalent
Cu'-S bonds.”'" In another study Sengupta et al. used an
integrated approach coupling computational modeling, bio-
chemical assays, genetic studies, IM, nMS, and SID to better
understand Salmonella FraB deglycase, showing that a modeled
dimer structure with one substrate per monomer had correctly
predicted CCS and SID collision onset.'**

The ability to perform SID and IM on the same platform
allows the CCS of the precursor and products to be
determined.”** For example, streptavidin is a D, symmetric
tetramer that dissociates to dimers at low SID energy. As the
complex has D, symmetry, as opposed to cyclic symmetry,
dimers produced through different interface cleavages would
have different arrangements, and hence different CCSs. Using
IM, comparing the experimental and theoretical CCS, it was
determined that the dimers are produced from cleaving the
weakest interfaces, demonstrating that the SID disassembly
pathway is the reverse of the protein assembly pathway.*® IM
can also be useful for confirming that a precursor ion is native-
like, that is, that it has not been restructured in the gas phase.
Membrane proteins, for example, and their complexes must be
solubilized in a membrane mimetic; nanodiscs, detergent
micelles, bicelles, or amiphols have all been used with
nMS."7*"*7*!* Membrane proteins are introduced into the
gas phase within the mimetic, and then the protein or protein
complex can be released using collisional activation. However,
increasing the collision energy can cause unfolding, which
while useful in studying the stability imparted upon lipid
binding,'* may affect fragmentation studies aimed at structure
elucidation. Therefore, when performing SID on membrane
protein complexes, it is useful to determine that the precursor
is native-like under the conditions needed to remove the
detergent before performing SID.'°" This is important as
previous studies have shown preactivated, rearranged,
structures fragment differently with SID than their native-like
counterparts as discussed in detail below.""”

Combining SID and IM has also proven beneficial in the
study of orthologous protein complexes. Orthologous proteins
are responsible for equivalent functions in different organisms;
however, evolution has caused them to adapt to their
individual physiological needs, giving rise to structural
diversity. Determining the extent of structural preservation or
variation can be challenging, especially when high resolution
structures have not been solved. The Sharon lab recently
presented a MS approach, including nMS with IM and SID,
top-down MS, and denaturing MS (for proteoform determi-
nation) to characterize the 20s proteasome from different
organisms (rat, rabbit, human, yeast (Saccharomyces cerevisiae),
and archaeal (Thermoplasma acidophilum)). The 20s protea-
some is a hetero-28mer compromised of four stacked
heptameric rings in an a,f3,5,a, arrangement.'”® The CCS
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Figure 12. SID-IM of the 43+ and 44+ rabbit 20s proteasome at 150 V. (A) full MS (top) and isolation (bottom), (B,C) IM-MS analysis of SID
products, (D—]J) extracted spectra for the different regions underlined in (B). Reproduced with permission from ref 108. Copyright 2020 American

Chemical Society.

and conformational spread of the intact complexes were
determined, and the authors found similar conformational
spread between the eukaryotic species studied while the
archaeal species had a narrower conformational spread. SID of
each proteasome yielded complicated MS/MS spectra, the
interpretation of which was aided through mobility separation,
as shown in ref 108 (see SID-IM of rabbit proteasome in
Figure 12)."°® The rabbit, human, and rat proteasomes were
observed to dissociate to half proteasome and @, plus S5,
along with some further fragmentation to monomer and dimer.
The archaeal proteasome, however, exhibited a preference for
dissociation to half proteasome, while yeast proteasome was
significantly harder to fragment. The differences in SID
patterns for these orthologous proteins was attributed to
differences in the strength of the interfaces between the
different subunits. The 20s proteasome from Methanosarcina
thermophila has also previously been reported to dissociate to
half proteasome and monomers.'”” The authors also used
collision-induced unfolding (CIU) to assess the stability of the
20s species. In CIU, the collision energy is raised in a stepwise

manner, and the conformations of the ion ensemble are
monitored using IM. The unfolding or restructuring of the ion
can be monitored by acquiring mobility data over a range of
collision energies, allowing one to build up a CIU “fingerprint”
reflective of the protein’s stability and conformational land-
scape. This technique has been used to study the structure and
stability of proteins including antibodies, protein complexes,
and protein—ligand interactions.”’ >”***"> The Sharon lab
used CIU to study the structural stability of the 20s
proteasome from different organisms, finding that archaeal
20s proteasome unfolded at lower energies than the other
species, but all exhibited the same number of conformational
states. Together, the results from this suite of nMS experiments
determined that mammalian (rat, rabbit, human) 20s
complexes share similar size and stability, while yeast 20s has
increased size and stability and archaeal 20s has decreased size
and stability.'”® This study demonstrated the wealth of
structural information that can be obtained from comple-
mentary nMS experiments. In addition, the mass spectrometry
data revealed a new rat PSMA?7 proteoform that had not been
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described previously and involved truncation of the final two
amino acids, information that could have been easily lost using
other techniques, including cryoEM in which the termini often
cannot be resolved.

As discussed above, CIU is emerging as a powerful analytical
fingerprinting technique.”” >”**"> Recently the Prell lab
performed experiments using collisions with a surface to
intentionally unfold monomeric proteins (surface-induced
unfolding, SIU) and comzpared these SIU conformations to
those observed from CIU.*' Interestingly, they found that the
same conformer families and unfolding transitions were
sampled in both CIU and SIU. While the same conformational
families were sampled, the Prell group demonstrated that the
intensity of the unfolded forms for some proteins can be higher
in SIU than in CIU, consistent with surface collisions
imparting greater activation than gas collisions on the time
scale of these experiments. SIU was also used to probe energy
deposition upon surface collision by studying 10 proteins
under native-like conditions with a range of molecular weights
from 17 to 80 kDa; it was found that the energy deposition
efficiency in SIU increased with mass, from a low of ~20% to
up to ~68%.”'° Previous studies into the mechanism and
kinetics of SID have been performed, but these typically have
focused on small molecules as opposed to protein complexes,
and so the relevance of prior mechanistic studies to protein
assemblies is currently unclear,*®'%!702177219

3.2.1.2. IM-SID. The previous section focused on experi-
ments in which SID was performed prior to IM; however, SID
is equally appealing after IM separation."”” When SID is
conducted after IM, species can be separated or selected by IM
and then individually probed by SID. This configuration is
useful for distinguishing different protein conformations.'"*">”
It is well-known that subjecting gas-phase proteins to steep dc
gradients or harsh rf voltages in the presence of non-negligible
background gas can activate protein complexes, causing them
to rearrange, collapse, or unfold.**° Previous SID experiments
performed on hemoglobin activated in source on a QTOF
instrument showed deviations from the native structure, with a
higher proportion of monomer being observed.”> These results
were compared to IM-MS experiments on a separate
instrument, which demonstrated that the elevated sampling
cone voltage (steep dc gradient) caused the protein to undergo
activating collisions and unfold as a result. Being able to
combine SID and IM on the same platform clearly allows
greater information to be obtained in a single experiment.
When SID is coupled after IM, different conformations can be
separated before dissociation, providincgr structural information
on each conformation individually."'*'>” Quintyn et al. studied
three protein complexes by SID and CID after intentional
activation in the source of a Waters Synapt G2 Q-IM-TOF
(see Figure 9).""® One of the complexes studied, C-reactive
protein (CRP), showed significant changes in its conformation
upon source activation, namely collapse with modest activation
energies and then expansion at higher activation energies.
However, the CID spectra of these conformations were
disappointingly similar despite the change in quaternary
structure evident by variations in drift time. On the other
hand, when SID was performed (SID-IM), markedly different
spectra were obtained for native (low cone voltage) and
collapsed or expanded (high cone voltage) species. At low
cone voltages, the pentamer dissociated to monomer +
tetramer and dimer + trimer as complementary pairs expected
from a native cyclic penatamer, whereas at high cone voltages,

monomer + tetramer was the dominant dissociation pathway
(concurrent with a decrease in precursor ion depletion
compared to the native state, an indication of gas-phase
annealing), demonstrating that SID can distinguish between
different conformations. When SID was coupled postmobility
(IM-SID), the fragmentation patterns of each conformation
could be compared, as shown in Figure 13. After activating
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Figure 13. IM-SID can be used to individually probe different
conformations of in-source activated CRP (cone 200 V). Right-hand
panels show extracted SID spectra (1260 eV) from the highlighted
regions in the left-hand panel. Cartoon representations of the
structure are also shown as inserts on the CCS panel. Reproduced
with permission from ref 221. Copyright 2015 American Chemical
Society.

CRP at a cone voltage of 200 V (Figure 13a—c), three
conformations could be observed. On the basis of the different
SID patterns of the mobility-separated conformers (Figure
13d—f), it was suggested that the conformational changes were
due to the cone-CID-induced unfolding of a monomer from
the complex, with the more elongated conformations having
more unfolded monomer that resulted in a corresponding
increase in the average monomer charge state in the SID
spectrum. Although this approach studied conformational
changes induced in the gas phase, it is equally applicable to
protein complexes that exist naturally in a dynamic set of
conformations in solution.

As discussed previously, SID can be coupled both before and
after IM on the Waters Synapt.'”® A useful experiment that is
enabled when SID is installed in both locations is one in which
a first stage of dissociation by low-energy SID produces
subcomplexes, which are then separated by IM and subjected
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to a second stage of SID to produce smaller subcomplexes
(often monomers).'** This approach can provide information
on how different subunits can assemble to form multisubunit
complexes, partlcularly if those complexes are large or
heterogeneous.''> While this section focuses on SID coupled
with TWIM on the Q-TOF platform, SID has also been
coupled with IM on different instrument platforms. Recently,
SID has been coupled with trapped ion mobility spectrometry
(TIMS) on an FT-ICR instrument. In this case, SID is located
after IM so that TIMS serves as a useful stage of mobility
selection that can be followed by mass selection in a
quadrupole and finally SID to explore different conformations
of peptides or proteins.'”” This approach has been used to
study the model tetrameric protein complex streptavidin,
pentameric cholera toxin B plus the ligand GMls (the
headgroup of the GMI1 ganglioside receptor), and conforma-
tionally selected peptides with the same m/z but different
sequences (namely bradykinin desArgl and desArg9). While
this combination of technologies is in its early stages, coupling
of SID technology to this and other ion mobility platforms is
appealing for studying gas-phase conformations of protein
assemblies.

3.2.2. SID Cells for Orbitraps. Both Gen 1'*° and Gen 3
(EMR, ref 103; UHMR, unpublished) SID cells have been
built and tested on Thermo Scientific Extended Mass Range
(EMR) and Ultrahigh Mass Range (UHMR) Exactive series
mass spectrometers, respectively, as illustrated by the
schematic shown in Figure 14a. Both the EMR and UHMR
mass spectrometers offer high-resolution capabilities (EMR,
140000 @ m/z 200; UHMR, 200000 @ m/z 400) for
resolving ligand-bound species, adducts, or PTMs and have
expanded mass ranges (EMR, 350—20 000 m/z; UHMR, 350—
80 000 m/z), ideal for studying macromolecular assemblies.
The ion sources on both instruments, but on the UHMR in
particular, have been modified to improve desalting and
desolvation of large species'®'®" although these options
should be used with caution to avoid restructuring of native
complexes.'*® The UHMR, for example, has an “in-source
trapping” option wherein ions are collisionally activated in the
transfer multipole behind the S-lens in the high pressure region
of the instrument near the source. Both instruments have high
m/z quadrupoles and higher energy collision-induced dis-
sociation (HCD) cells. The Orbitrap platform excels in
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. . )
analysis of macromolecular assemblies such as antibodies,

chaperones,'*'%%*** proteasomes,'** and viral particles.”**

VanAernum et al. designed a 12-lens SID cell to replace the
transport octupole preceding the C-trap (Figure 14b). Ions
from the nESI source are focused via the S-lens (similar to an
ion funnel) and are transported via multipoles to a high m/z
quadrupole mass filter (on the UHMR and modified EMR),
where precursor ions can be mass selected for MS/MS. These
ions can then be transmitted through the SID cell or caused to
collide with the surface and collected in the C-trap or HCD
cell. Transmitted ions can be activated by CID in the HCD cell
(if not doing SID) for dissociation or cleanup/desalting in
order to improve apparent resolution, peak shape, and signal-
to-noise. After collection in the C-trap, the ions are pulsed into
the Orbitrap, where their signal transients are measured and
then processed by Fourier transform to give a mass spectrum.

The Gen 1 SID cell consists of three regions: (1) a precursor
ion focusing region made up of a three-electrode Einzel lens,
(2) a surface collision region with multiple deflection and
extraction electrodes, and (3) a product ion focusing region
which is also an Einzel lens. The cell maintains the
transmission capabilities of the commercial instrument and
uses 10 independent voltages provided by an external power
supply. An 11th voltage, the C-trap offset, must also be
supplied externally in order to provide the necessary
acceleration voltages within the SID cell and extraction into
the C-trap.'® This cell design has been implemented on three
Orbitraps (1 EMR, 2 UHMRs) in our own laboratory as well
as in two other laboratories for beta testing (Russell at Texas
A&M and Sharon at the Weizmann Institute; both laboratories
have previously successfully used Gen 1 or Gen 3 SID devices
on their Synapt instrumentslos’llg).

The high resolution and sensitivity of the Orbitrap platform
are useful for a variety of purposes, although users must be
aware that low mass biases occur as resolution settings are
increased; low mass ions are favored over high mass ions

because of the long path length in the Orbitrap cell and the
high velocity with which the ions traverse it, resulting in
desynchronizing collisions.””> VanAernum et al. utilized the
high resolution to probe isotopic abundances of overlapping
dimer and monomer from SID of streptavidin 11+."%> On the
Synapt platform, ion mobility allows the quantitation of dimers
and monomers with the same m/z because they have different
arrival times, even when the species are not isotopically
resolved in the TOF. On the Orbitrap isotopic resolution
enables the deconvolution of the mass spectrum and thus
quantitation of dimer and monomer abundance. Moreover,
even lower resolution settings are useful for resolving multiple
peaks with small mass differences that have, e.g., variable
numbers of N-terminal methionines and sodium ions on the
streptavidin monomers.

Because of its high sensitivity and resolution combined with
the extended mass range, the Orbitrap platform has been
utilized in conjunction with SID in several studies over the past
few years. Harvey and VanAernum et al. analyzed the 801 kDa
tetradecameric GroEL chaperone on a UHMR platform
equipped with a Gen 1 SID cell.'” SID of the 65+ through
74+ charge states of the 14mer (Figure 14d) provided an
abundance of subcomplexes consistent with those observed by
Zhou et al. on a Synapt IM-MS platform, although with more
balanced oligomer abundances throughout the mass range due
to improved transmission of large complexes through the
UHMR.*® The deconvolved mass spectrum in Figure 14e, in
which 7mer is the most abundant fragment ion, is consistent
with the known “stacked 7mer” topology of the complex.

As discussed earlier, the high mass resolution of the Orbitrap
platform allows small differences such as ligand-binding to be
resolved, hence allowing ligand-binding sites to be probed.
Busch et al.>* demonstrated that different binding motifs could
be probed using SID-MS on an Orbitrap EMR. Pentamers
cholera toxin B (CTB) and C-reactive protein (CRP) bind
their respective ligands (GMls ganglioside sugar headgroup
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and phosphocholine) in different manners; the binding site for
GMIs resides between two adjacent subunits (and previous
nMS studies have shown that the binding is not only
maintained in the gas phase but is also cooperative),”*”***
whereas the PC binding site in CRP is within a single
monomer. Note that CRP also binds 10 calcium ions, with 2
Ca’" required for PC binding to each monomer. While CID of
the holo-complexes results in ejection of a monomer from the
pentamer, with the monomer likely to be restructured, SID
produces compact fragments of all oligomeric states up to
pentamer. Busch et al. found that the CRP CID fragments
retained both too many and too few ligands. For example, the
tetramer fragment should retain 4 ligands based on the binding
site being within each subunit but instead retained 2 through 5
PCs (right inset in Figure 15a), while some highly charged
monomers retained no ligand (left inset in Figure 15a). After
CID of [CTB+5GM1s]'®*, the tetramer retained the expected
3, 4, or S ligands (noticeable in the peak shoulders of the 7+
and 8+ tetramers in Figure 1S5c), consistent with ligand
interactions with two adjacent subunits, while the monomers
retained no ligand (Figure 15c, inset). SID fragments, on the
other hand, retained the ligands more readily and in a manner
more consistent with the ligand binding sites. CRP monomers,
dimers, and tetramers from SID were observed to be nearly
100% populated by the expected number of ligands (1 per
monomer), Figure 15b. CTB fragments formed by SID also
retained ligand; monomers, for example, were found to retain
up to 2 GMIs ligands (Figure 15d, inset), consistent with
ligand binding between subunits rather than within a single
monomer.

The UHMR Orbitraps are excellent instruments for
characterizing heterogeneous samples, due, in part, to
optimized ion source conditions, high mass range, and
powerful CID activation capabilities, as well as their high
resolution. Augmentation of the UHMR with SID provides
another means to probe heterogeneous proteins and protein
complexes by high-resolution mass spectrometry. For example,
Harvey et al. investigated the structures of nanodiscs
comprised of either DMPC or DMPG lipids, or a 50:50 mix
of both, as well as nanodiscs containing antimicrobial
peptides.'”® Nanodiscs are promising membrane mimetics for
solubilization of membrane proteins and have been successfully
utilized in nMS experiments.”””~>** They consist of mono-
disperse nanoscale membrane bilayers encapsulated within an
engineered membrane protein scaffold and serve as “contain-
ers” for small molecules and membrane proteins; these
containers can be “opened” in the gas phase through harsh
instrumental conditions via collisional activation. Utilizing an
SID-equipped UHMR, Harvey et al. studied the dissociation
patterns of nanodiscs comprised of DMPC and DMPG lipids
and found that the CID behavior depended on the lipid
composition, but the SID behavior did not. Figure 16a, for
example, shows a deconvolved native mass spectrum of a
DMPC nanodisc; the wide peak in the mass domain is due to
heterogeneity in the number of lipids contained in each
nanodisc. By CID, the DMPC nanodiscs were found to shed
lipid but otherwise remain intact even at high collision energy
(Figure 16b). Collision with a surface, on the other hand,
resulted in the shearing of the nanodisc in half, producing half
discs consistent with the nanodisc’s topology (Figure 16c).
Interestingly, DMPG nanodiscs sheared in half by both CID
and SID within the energy range of the instrument, suggesting
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Figure 16. (a) Deconvolved mass spectrum of DMPC nanodiscs.
Waterfall plots showing (b) CID and (c) SID spectra of DMPC
nanodiscs with increasing collision energy. Reproduced with
permission from ref 106. Copyright 2020 the Royal Society of
Chemistry.

that the CID behavior, but not SID, depends on the lipid
composition.

Recently, a second SID cell design for the Orbitraps has
been reported, also termed a “Gen 3” design (instead of Gen
2) due to geometric similarities with the later Synapt and
solariX SID cells and consists of a transfer hexapole with a split
exit lens just before the C-trap (Figure 14c).'” Similar to the
Synapt design, the exit lens consists of a deflector, a surface,
and an extractor arranged in a split lens configuration. Similar
transmission and sensitivities were observed compared to the
Gen 1 cell but with fewer voltages, reducing tuning complexity.
However, the placement of either SID cell prior to the C-trap
and substitution of the C-trap offset with an external voltage
are not ideal for ease of use and technology dissemination.
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The Orbitrap platform continues to offer promising new
capabilities for native mass spectrometry. Most recently, single
particle charge detection mass spectrometry (CDMS) has been
implemented on UHMR platforms, enabling the detection of
single ions in the Orbitrap analyzer.”*****~** Single particle
CDMS has demonstrated unparalleled resolution for protein
complexes, up to isotopic resolution for a 466 kDa
complex.”***** CDMS additionally can probe and resolve
heterogeneous populations with ultrahigh sensitivity and
improve sequence coverage from top-down analyses.”***> In
the future, CDMS may prove useful in combination with SID
for structural biology studies; the combination of unique SID
fragmentation and ultrahigh resolution and sensitivity afforded
by CDMS should be a powerful tool.

3.2.3. SID Cells for FT-ICR. FT-ICR instruments have a
rich history in the development of novel SID configurations
and the investigation of the kinetics, energetics, and dynamics
of fragmentation of peptides and proteins. Much of this
pioneering early work was conducted by McLafferty, Laskin,
and Futrell,'¥>7'9%164237.2372290 Oy recently has the FT-ICR
platform been adopted for native mass spectrometry studies of
macromolecular assemblies up to 1.6 MDa, > 0710113241723
High-field (e.g, 15 and 21 T) magnets, particularly those with

dynamically harmonized FT-ICR cells, readily achieve
resolutions of hundreds of thousands and even millions,***~>*’
enough for isotopic resolution of many proteins and protein
complexes and their fragments. Isotopic resolution is useful for
interpreting SID fragmentation spectra that exhibit symmetric
charge partitioning, resulting in significant spectral overlap
among fragment ions. Hybrid FT-ICR instruments (e.g.,
Bruker solariX) also have auxiliary MS/MS capabilities such
as electron transfer dissociation and electron capture
dissociation that can determine the primary sequence of
proteins and complexes or manipulate the charge states of ions
prior to or after dissociation.

There have been several SID cells adopted specifically for
native mass spectrometry on the FT-ICR platform. A
schematic of a Bruker solariX FT-ICR is given in Figure 17a.
The instrument consists of an ESI/nESI ion source, dual ion
funnels, a multipole, a quadrupole mass filter, and a collision
cell for CID and ion accumulation. The ions are pulsed into
the ultrahigh vacuum region of the instrument from the
collision cell through focusing lenses and a transport multipole,
eventually residing in the FT-ICR cell where the ions are mass
analyzed.
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The Wysocki group has designed, fabricated, and tested
three generations of SID cells for structural biology on the
solariX platform (Figure 17b). The first-generation cell (“Gen
17) designed by Yan et al. replaced the Bruker collision cell
entirely. > The 6 cm space occupied by the collision cell was
instead populated with an assembly consisting of a 3 cm long
SID cell with a truncated rectilinear ion trap making up the
remainder. The SID cell can be operated in “transmission”
mode or in SID mode (Figure 17c). Several protein complexes
were studied to assess the coupling of SID with the ultrahigh
resolution capabilities of the FT-ICR cell. Streptavidin
tetramer, cholera toxin B pentamer, and TNH heterohexamer
all exhibited SID profiles like those previously recorded on Q-
IM-TOF platforms equipped with SID cells. The ultrahigh
resolution was particularly useful for quantifying oligomer
abundance in SID spectra of streptavidin (monomer vs dimer)
and cholera toxin B (overlapping monomer, dimer, trimer, and
tetramer). Isotopic resolution is also useful for assigning charge
states in complex spectra. For example, Figure 17e shows a
native mass spectrum of TNH charge-reduced with ethyl-
enediamine diacetate (EDDA). Using the Gen 1 cell, the SID
fragmentation pattern (at 45 V) of TNH was obtained (Figure
17f) and had remarkable similarities to those obtained
previously (e.g., Figure 8 and Figure 10), with afy trimers as

the most abundant fragments with modest contributions of
complementary aff and affyy. The isotopic resolution allows
the assignment of the peak at m/z 3515 as a® (spacing of
0.1666 Da) and the unparalleled mass accuracy enables the
assignment of the peak at m/z ~ 3533 as (a + Co + 30)%
(cobalt plus three cysteine—sulfenate oxygens).

The utility of the ultrahigh resolution was on display when
investigating a more heterogeneous complex, 211 kDa
multicopper oxidase complex (Mnx), which is now known
(based on SID data) to be composed of a hexameric ring
containing two distinct subunits (MnxE and MnxF, 12.2 and
11.2 kDa, respectively) arranged in alternating positions and
stacked on a larger MnxG subunit (138 kDa).””'*" Using a
Gen 1 SID cell tuned in an atypical manner (i.e., to collide ions
with an unknown stainless steel electrode instead of the usual
FSAM-Au surface), SID of the native Mnx complex on a 15 T
FT-ICR produced a range of oligomers (1mer through 6mer)
containing varying numbers of MnxE and MnxF subunits,
consistent with a cyclic hexamer structure in which the
subunits alternate in their positions, as well as a sole MnG
distribution, suggesting that the hexameric ring is “stacked” on
the larger MnxG subunit (Figure 18a). Several peaks that were
thought to be iron-bound species (based on low-resolution
data from SID-IM-TOF'"' experiments) were clarified as

https://doi.org/10.1021/acs.chemrev.1c00309
Chem. Rev. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00309?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00309?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00309?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00309?fig=fig18&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00309?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

protein modifications instead. In addition, the stoichiometry of
metal binding on different protein subunits was revealed. For
example, the peak near m/z 3087 was determined to be MnxE
+ C¢H (Og4 rather than MnxE + 2Cu + Fe based on ultrahigh
resolution and mass accuracy, currently only achievable on the
FT-ICR platform (Figure 18b—d). Similarly, the peaks near m/
z 3813 were determined to be several overlapping species,
MnxF + Cu + C4H,g0g MnxF + Cu + CgH,NO,S, and MnxF
+ 4Cu (Figure 18e—h).

Whereas installation of SID cells in the Synapt platform by
truncating the Trap or Transfer TWIGs or in the Orbitrap
Exactive platform by replacing a transfer multipole had
minimal impact on performance, on the solariX truncation of
the collision cell (by half) and modification of the rod
geometry (from hexapole to rectilinear trap and a change in
rod-to-rod spacing) diminished the mass range, sensitivity, and
dynamic range of the instrument. As a result, it became
imperative to iterate on the SID-CID hybrid cell design to
mitigate these losses. Snyder et al. simplified the SID optics in
a similar manner as the “Gen 2” Synapt design in order to
accommodate a larger collision cell (Figure 17b, “Gen 27).1%
In addition, the collision cell geometry was made to match the
original hexapole collision cell design. All told, these
modifications resulted in an improvement in mass range by
3X (enabling the fragmentation of 330 kDa glutamate
dehydrogenase and 801 kDa GroEL by SID) and an
improvement in sensitivity and dynamic range by approx-
imately an order of magnitude.

Motivated by a desire to simplify the ion optics even further,
a much simpler “Gen 3” SID cell was designed and tested on
the solariX.'”® The Gen 3 cell utilizes the entrance lens region
of the original Bruker collision cell for SID, removing the need
for a custom collision cell. Figure 17d shows the three
electrodes that make up the SID cell in the front lens of the
collision cell. As with the two other Gen 3 designs, after
passing through the quadrupole, ions are deflected into the
surface for activation and extracted into the collision cell for
fragmentation sometime later. In addition to a simplification of
the voltage scheme and overall SID assembly, the improvement
to S/N using this cell design is evident in the SID spectrum of
TNH 16+ in Figure 17h as compared to the Gen 1 cell in
Figure 17f, all while retaining similar fragmentation patterns
and avoiding CID contamination. Up to this point, we have
shown four virtually identical SID spectra of TNH in this
review, and each was collected on a different platform using a
different SID design. We have done so to emphasize that SID
produces similar fragmentation patterns regardless of instrument
platform. In other words, SID patterns are largely platform
agnostic, save for any transmission differences as a function of
m/z which are characteristic of the instrument design rather
than SID itself. This characteristic makes SID a robust MS/MS
technique in the native mass spectrometry workflow.

The ultrahigh resolving power in combination with the
increased sensitivity of this design was demonstrated with
cholera toxin B pentamer, whose full scan and SID pattern are
shown in Figure 19a,b. The 13+ charge state was selected for
fragmentation and was analyzed with various transient lengths.
Because of symmetric charge partitioning the peak at m/z 5803
has contributions from monomer, dimer, trimer, tetramer, and
even charge stripped pentamer. The resolution obtained with
(Figure 19c) an 18s transient was approximately 313 000 and
with (Figure 19d) a 36s transient was 733 000. These
resolutions are not currently achievable with other high-
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oligomer abundances from SID. (a) Mass spectrum of cholera toxin B
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collision energy 715 eV. The ultrahigh resolution is demonstrated for

the overlap peak at m/z 5803 using (c) an 18s transient or (d) a 36 s

transient. Reproduced with permission from ref 103. Copyright 2020
American Chemical Society.

resolution instrumentation. As proteins increase in size, they
tend to become more heterogeneous and bind to more
nonspecific adducts, providing a motivation for implementing
nMS technologies on the FT-ICR platform to resolve isotopes
(for highly accurate charge state assignment) and ligand- or
adduct-bound species. Care must be taken, however, to
consider that larger oligomers tend to decrease in relative
abundance as the transient length is increased on both FT-ICR
and Orbitrap platforms due to desynchronizing collisions
during the transient acquisition, with a greater distortion
observed on the Orbitrap.'?¥'%5?*°

3.24. SID Cells for ELIT. The McLuckey group has
implemented SID on a custom electrostatic linear ion trap
(ELIT), as illustrated in Figure 202110151 Although the ELIT
is analogous to an Orbitrap in that static dc potentials confine
ions within the device and a mass spectrum is acquired in the
form of an image current transient, MS/MS cannot be
performed inside an Orbitrap due to the complicated ion
motion and arrangement of the electrodes. However, in
contrast, Hilger et al. demonstrated that SID could take place
inside an ELIT by placing a surface at the back of the reflectron
(similar to SID in a TOF reflectron'®>'*>**¥=251) and pulsing
that surface to an attractive potential for several microseconds
as the ions approach it.">" The ions then briefly undergo
collision, and the voltages are switched to extract ions back
into the ELIT, where they are mass analyzed. Hilger
demonstrated the analysis of fragment ions of tetraalkylphos-
phonium_salts. Johnson recently reported SID of a protein
complex." ¢ Figure 20b is a native mass spectrum of the dimer
triose phosphate isomerase. The 14+ charge state was isolated
using mirror switching”>” (Figure 20c) and subjected to SID,
generating monomers that exhibit symmetric charge partition-
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Figure 20. (a) Illustration of SID in an ELIT, (b) native mass spectrum of triose phosphate isomerase, (c) isolation of the 14+ charge state by
mirror switching, and (d) SID spectrum of the 14+ charge state to produce symmetrically charged monomers. (a) Adapted with permission from
ref 151. Copyright 2014 American Chemical Society. (b—d) Adapted from ref 116 with written permission from the author.

ing (Figure 20d), indicative of a successful surface collision.
Although these results are preliminary, the high resolution of
the ELIT and the versatile yet effective isolation and SID
capabilities in a simple and compact mass analyzer make the
platform a promising avenue for future exploration.

3.2.5. Tandem SID Configurations. So far, we have
focused on configurations in which a single stage of SID is used
to probe the connectivity of protein complexes, often in
combination with ion mobility separations for improved
selectivity. While a single stage of dissociation is often
sufficient to probe the structures of small and simple protein
complexes, it can be insufficient in the case of large or
complicated homomers or especially in the case of heteromers.
To that end, several groups have developed MS® or pseudo-
MS? technologies for characterizing the structures of proteins
and protein complexes. For example, the Robinson group took
advantage of the multistage isolation and activation capabilities
of an Orbitrap tribrid instrument to identify ligands bound to
membrane proteins.'™ The Kelleher group demonstrated a
“complex-down” pseudo-MS® approach in which GroEL
monomers formed from in-source dissociation on an Orbitrap
platform were dissociated into sequence fragments by HCD.>*?
The Brodbelt group has implemented multistage activation
workflows combining CID and UVPD for characterizing
proteins and protein complexes.”>**>> The Sharon group has
also taken advantage of the hybrid capabilities of an Orbitrap
platform to elucidate the heterogeneity of the yeast
homotetrameric FBP; complex.”®

At least one stage of fragmentation in most of these studies
was induced through gas-phase collisions; however, as
discussed above, CID ejects monomers and can restructure
complexes and their fragments. While this is useful when top-
down sequencing is required, it can be a limitation in structural
studies. On the other hand, SID fragments are compact and

more informative in terms of deducing quaternary structure
(though SID fragments may exhibit compaction or expansion
in some cases’ ’55). Combining SID with CID in most
instrument configurations is relatively straightforward because
the SID cell is commonly placed prior to a collision cell,
enabling SID-CID experiments to be performed. On the
Synapt platform, for example, quadrupole-isolated precursors
can be fragmented by SID and subsequently separated by ion
mobility prior to a second stage of activation by CID in the
Transfer TWIG (Figure 9). If a second SID device is placed in
front of a truncated Transfer cell, then combinations of SID/
CID-IM-SID/CID experiments are possible. Quintyn et al.
reported a tandem SID configuration (i.e., SID/SID) in which
fragments from a first stage of SID were mobility separated and
subjected to SID or CID post-IM, as discussed in the IM
section.'"?

For example, tryptophan synthase is a heterotetramer with a
near-linear afffiar composition. A single stage, low-energy SID-
IM experiment (Figure 21a) primarily ejects the smaller
peripheral o subunit from the complex because the af
interaction is weaker than the ff interaction. At higher
collision energy (Figure 21b), ejection of the @ monomer is
still the dominant dissociation pathway but with additional
fragments corresponding to f monomer, ff dimer, and aff
trimer. Fragmentation of the 12+ aff trimer and 8+ ff dimer
(parts ¢ and d of Figure 21, respectively) after mobility
separation enables the reconstruction of their mass spectra.
The trimer dissociates in an expected manner, with ejection of
the smaller-interface/weakly bound o monomer as the
dominant pathway. The ff dimer has only a single dissociation
pathway, cleavage of the noncovalent interactions between the
individual subunits. Taken together, these results suggest an
assembly mechanism wherein the Bf dimer is formed first,
followed by association of a single @ monomer to form the
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Figure 21. Illustration of SID-IM-SID. (a) SID spectrum of 19+
tryptophan synthase at a collision energy of 570 eV, (b) SID-IM at a
higher energy of 1330 eV, (c) SID-IM-SID at 2280 eV (second stage)
of 12+ aff trimer, and (d) 1330 eV SID of the 8+ $f dimer. The
dissociation pathways are illustrated in the insets. Reproduced with
permission from ref 112. Copyright 2015 Royal Society of Chemistry.

trimer and finally association of the second @ monomer,
resulting in a tetrameric species.

Returning to the example of the heterohexamer TNH, which
we have previously discussed as being a dimer-of-heterotrimers
(afy), arrangement with particularly strong interactions
between the @ and f subunits, the SID-IM-SID experiment
was utilized to further probe the assembly and interfacial
strengths within the heterotrimer substructures.'" In this case,
low-energy SID was used as the first activation stage to
produce affy trimers, which were then further dissociated in
the second stage of SID. Parts a and b of Figure 22 show
energy-resolved mass spectrometry (ERMS) plots for SID-IM-
SID of the 8+ and 9+ heterotrimers, respectively. Only minor
differences in relative fragment ion abundance can be
attributed to charge state. The ejection of the y subunit is
consistent with the aff interactions being much stronger than
interaction of the y subunit with any of the other subunits. All
three types of heterodimers were detected, suggesting that the
arrangement of the three subunits in the heterotrimer is not
linear but rather that each subunit interacts with every other
subunit. The high abundance of the af dimer relative to the
two other heterodimers is again indicative of the strongest
interaction within the heterotrimer. This experiment highlights
the utility of SID/SID for probing heteromeric structures,
providing greater insight into protein substructure and
assembly.

SID/SID has also been accomplished on the high-resolution
solariX (15 T) FT-ICR platform (schematic in Figure 17a).'%*
The shrinking of the SID cell design (Gen 3) enabled the
simultaneous installation of SID in the entrance lenses of both
the quadrupole mass filter and the collision cell. The
experiments that are possible in this configuration are SID-
MS, SID-Q-CID, and SID-Q-SID, where Q represents a stage
of mass selection in the quadrupole mass filter. Note that
because the first SID cell is prior to the quadrupole, precursor
ions cannot be mass selected prior to the first stage of SID. It
may be possible to combine this design with trapped ion
mobility spectrometry in the entrance funnels of the
instrument”>° to enable mobility selection prior to SID/SID,
but this combination has not yet been demonstrated, although
trapped ion mobility coupled to SID (TIMS-SID) has recently
been illustrated.'®’

The SID/SID configuration on the solariX was evaluated for
several model protein complexes, many with cyclic geometry,

1’0-'“;‘ A) -=== afy8+
S —-—p

*\ ——a
-y

* —O— By

AN ——af

0.5 O—ay
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1.0+ B) e aPyo+
. —o—
-
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Figure 22. Hlustration of SID-IM-SID for native TNH heterohexamer. SID-IM-SID spectra of heterotrimer affy (a) 8+ and (b) 9+produced from a
first stage of SID of the heterohexamer (affy), on a Synapt G2-S platform equipped with SID cells prior to and after the TWIM cell. Reproduced
with permission from ref 115. Copyright 2015 American Chemical Society.
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Figure 23. Illustration of SID-Q-SID on an ultrahigh resolution 15 T FT-ICR. (a) Native mass spectrum of HFQ65 homohexamer charge reduced
with TEAA, (b) single stage SID spectrum of the entire charge state distribution in the entrance lens of the FT-ICR quadrupole, and SID-Q-SID of
the isolated (c) dimer 3+, (d) trimer 4+, (e) tetramer S+, and (f) pentamer 7+. The utility of isotopic resolution is evident when comparing the
fragment ion peak at m/z 7186 for each subcomplex. Adapted with permission from ref 104. Copyright 2021 Elsevier.

Table 2. Evolution of SID Cells for Native Mass Spectrometry Guided Structural Biology”
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Gen 2 l F '>|I i——i None
|
~ Trap TWIG IM cell
1.5cm — —
SID lon Carpet (DC) SID Collision Cell
J. Am. Soc. Mass Spectrom. 2019 31, 458-462. Anal. Chem. 2019, 91, 14049-14057.
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Anal. Chem. 2020, 84, 6016-6023. Anal. Chem. 2020, 84, 6016-6023. Anal. Chem. 2020, 84, 6016-6023.

“Adapted with permission from ref 103. Copyright 2020 American Chemical Society.

in order to demonstrate the importance of high resolution (as
an alternative to ion mobility) for deconvolving oligomer
overlap in SID spectra of protein complexes.'”* Oligomer
abundances and charge state distributions were in agreement
with those obtained previously on the Synapt platform."* The
unrivaled ultrahigh resolution of the FT-ICR was best
showcased in the SID-Q-SID spectra of the SID fragments of
homohexamer HFQG65, as shown in Figure 23. When the
charge-reduced precursors in (a) were subject to a single stage
of SID in the entrance lens of the FT-ICR quadrupole, all types
of subcomplexes from monomer to pentamer were detected as
is expected for a complex with cyclic subunit arrangement. The
subcomplexes produced by the first stage of SID were then
mass-selected by the quadrupole and dissociated by a second
stage of SID in the entrance lens of the collision cell, as shown
in panels (c) through (f). The expected fragments in each case
are lmer through (N-1)mer (where N is the precursor
oligomeric state). In these spectra, each oligomer has a narrow
charge state distribution, only 1 or 2 charge states each, and so
the relative abundances of the SID/SID fragments is only clear

AA

due to the isotopic resolution afforded by the 15 T FT-ICR
analyzer, particularly at m/z 7186. While the dimer 3+ in (c)
fragments only to monomer 1+ (1 m/z isotope spacing at m/z
7186) and monomer 2+, the trimer 4+ exhibits both monomer
1+ and dimer 2+ fragments at m/z 7186, the tetramer
generates an additional trimer 3+, and the pentamer 7+ also
likely produces tetramer 4+ (though it is not resolved under
these conditions). This example illustrates the utility of
isotopic resolution for determining and understanding SID
product ion distributions, much in the same way that ion
mobility is also used. Combining isotopic resolution with ion
mobility should provide a higher measure of confidence in SID
product ion distributions, particularly as ion mobility couples
with high-resolution Orbitraps and as the resolution of TOF
analyzers continues to increase with multireflectron systems.

3.3. Perspective on the Future of SID Instrumentation

Clearly, the future is bright for SID; its usefulness for structural
biology studies of noncovalent protein complexes is unrivaled
and, in combination with other ion activation techniques such
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as CID, ETD, ECD, IRMPD, and UVPD, it forms a strong
foundation for structural elucidation. Usefulness notwithstand-
ing, the dissemination of SID technology to the broader
structural biology community and its use as a complementary
tool with other structural biology techniques is a critical next
step for widespread adoption and acceptance of the technique.
Our group has made and continues to make progress with
instrument vendors and in dissemination of the technology to
other laboratories in the form of beta testing, with several
generations of SID cells having been developed (as
summarized in Table 2). Gen 1 SID cells have been installed
on various Synapt platforms in the Robinson, Barran, McLean,
Sobott, Russell,"'” Prell,”’® and Sharon laboratories.'”® Gen 3
SID cells have been installed in Waters Synapt instruments in
PNNL,*” Vachet, and Sharon laboratories recently, as well in
Waters G1, G2, and Cyclic IMS instruments in our own
laboratory. The Gen 3 SID cell is the first (and currently only)
commercially available SID variant, having been recently
announced by Waters as an option for the Select Series Cyclic
IMS platforms. On the Orbitrap, Gen 1 cells have been
installed in one EMR and two UHMR instruments in our own
laboratory as well as in UHMRs in the Sharon and Russell
laboratories. We continue to work with both large and small
vendors to further develop and disseminate SID technology for
the Orbitrap platform as a whole. The solariX FT-ICR
platform in our laboratory currently utilizes the Gen 3 variant
and is available for dissemination to the wider community for
beta testing. We continue to work with Bruker for potential
incorporation of SID technology on other platforms. The key
to success of future commercialization and dissemination is
further simplification and simultaneous optimization of the
SID cell design in a vendor-neutral manner. Miniaturization of
the design and incorporation of SID in the most fitting location
in each instrument, without compromising instrument
performance or capabilities, combined with control and ideally
automation of SID in native instrument software, are important
goals.

4. MECHANISM OF SID FOR PROTEIN ASSEMBLIES

The final section in this review discusses mechanistic aspects of
SID, with particular focus on the activation and dissociation of
noncovalent protein complexes. We will begin by summarizing
the well-characterized mechanistic aspects of SID, particularly
in contrast to CID (Table 3). For example, in the absence of
intertwined subunits, SID typically will dissociate a protein
complex in a manner consistent with the complex’s assembly
and topology; the smallest and weakest interactions between
subunits tend to cleave first, leaving the stronger noncovalent
and covalent interactions intact in the remaining product
ions.*»*> 3% IS Q1D spectra also usually exhibit symmetric
charge partitioning, wherein fragment ions retain an amount of
charge proportional to their mass or surface area.””>" In some
cases, fragments may retain more charge than they should,
which can be indicative of a restructured precursor ion or a
monomer that readily unfolds, exposing basic sites for charge
localization. Symmetric charge partitioning in SID contrasts
with gas-phase collisional activation (CID), which tends to
restructure and eject a highly charged monomer from a protein
complex, leaving the remaining subcomplex with proportion-
ally less charge.”” This disparity between collisional activation
techniques can be readily explained by considering the time
scale of activation and number of collisions; SID involves a
single, quick collision with a surface while CID involves
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hundreds to thousands of collisions with small targets (causing
a collisional cooling pathway to compete with dissociation),
during which restructuring and charge movement can take
place. SID and CID fragments of low or modest charge tend to
be compact,’***® whereas highly charged SID and CID
product ions tend to be restructured, often unfolded/
elongated/expanded. In some cases, multisubunit SID
subcomplex fragments are observed to be compact after
surface collision compared to structures that have been
“clipped” from the crystal structure of the native complex,
consistent with intuitive expectations for ions in the gas phase,
which would be expected to stabilize by maximizing intra-
complex interactions.”>>* CID and SID product ions of the
same charge state generally have similar CCS, and perhaps
similar structures, as suggested by IM-MS’>*° and (unpub-
lished) hydrogen—deuterium exchange experiments within our
own laboratory, suggesting that the charge of the fragment ion,
rather than the manner in which it was produced, is more
indicative of its structure. Recent work from Jia shows that
dimer precursors of two different charge states (e.g, 9+ and
11+ p-lactoglobulin, BLG) showcase different gas-phase
behaviors by CID vs SID. The two charge states of BLG
were found to restructure over a broad range of activation
energies when subject to collisions with gaseous targets (i.e.,
CIU was the dominant process), while the same precursor
charge states tended to have fragmentation as a dominant
pathway by SID even at relatively low collision energies.”**
The lower charge state precursor gave more symmetric charge
partitioning by CID than did the higher charge state, a
characteristic that we have noted for other dimers. Energy
deposition via SID is well-known to be more efficient on a per-
collision basis than CID, owing to the greater effective mass of
the target/surface compared to any realistic ionic projec-
tile 49,59/107,216,219

Despite the substantial evidence for symmetric charge
partitioning, efficient energy deposition, and topologically
consistent fragmentation, there are many aspects of the
dissociation of protein complexes by SID that remain either
unexplored or undercharacterized. Among them are the energy
deposition and partitioning as a function of collision energy
and ion structure, optimal incidence and scattering angles,
chemical and physical changes at the surface or in the protein
complexes themselves induced by collision, the time scale of
dissociation, and any transient interactions of the protein
complex with the surface (e.g, sticking or surfing along the
surface). These will be discussed at the end of this section;
first, we begin by reviewing what is known about SID.

4.1. SID Is a Fast, High-Energy Deposition Event; CID Is a
Multistep Activation Process

Given that CID and SID fragmentation patterns are
remarkably different (see e.g., Figures 2, 3, 7, and 8), with
CID consistently ejecting highly charged (often restructured/
elongated) monomers to leave (N-1)mers and with SID
generating fragments reflective of substructure, it stands to
reason that the mechanism of activation for these two
techniques has some key differences. One obvious dissimilarity
between CID and SID is the mass of the neutral collision
target. CID involves collisions with small inert gas atoms or
molecules such as He, N,, Ar, Xe, or SF, all of which have
orders of magnitude less mass than even the smallest of
noncovalent protein complexes. We can deduce the effect this
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Figure 24. Comparison of CIU and SIU plots for bovine serum albumin (BSA) 15+ and the N-terminal domain of anthrax lethal factor (LFy
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energy. Adapted with permission from ref 216. Copyright 2019 Royal Society of Chemistry.

has on energy deposition from eq 4. If Moy >> My, then eq 4
can be approximated by

Ecom = [My/(Mion)] X Epap (5)

in which case each collision of a protein complex with a
background gas molecule is remarkably inefficient because
My/Myoxy ~ 0. For example, for the 53 kDa streptavidin
tetramer colliding with a single molecule of nitrogen, the
maximum energy transferred to the complex in a single
collision is ~0.05% of the collision energy! Therefore, if the
10+ charge state is accelerated through a nitrogen bath gas
using a 100 V potential difference, the maximum energy
transfer per collision is 0.5 eV. For reference, a single hydrogen
bond between water molecules has a dissociation threshold of
0.24 eV,>’ yet we must consider that noncovalent interactions
between protein subunits involve many hydrogen bonds as well
as salt bridges and van der Waals interactions. This simple
calculation illustrates the need for many low-efficiency
collisions when fragmenting protein complexes by CID and
the importance of the target mass toward imparting enough
energy for dissociation. For these reasons, several investigators
have explored the use of high mass gases such as argon, xenon,
or SF¢ rather than He or N, for CID, CIU, and collisional
cooling of protein complexes (targets with more degrees of
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freedom preferred for collisional cooling).””**" Pressure also
plays an important role in CID, as the number of collisions
(hundreds to many thousands) that an ion experiences will
increase with pressure. During this “heating” process in which
the ion has many successive collisions with background gas,
not only is the internal energy of the ion increased (and overall
internal energy distribution broadened*’'), the protein can
undergo structural changes that can be measured by ion
mobility or deduced from the observed charge partitioning.
During the long activation process in CID, collisional cooling
can compete with ion activation, making CID even less
effective for dissociation of large molecules.

In contrast, SID involves collision with a target surface, with
the most common surface materials being stainless steel, gold,
and SAMs on gold. Ignoring surface composition for a
moment, again consider eq 4, except with a surface as the
target, in which case My > Moy, and we obtain

Ecom = [My/(My)] X Eppp ~ Epap (6)

In other words, through collision with a clean stainless-steel
target, eq 6 suggests that the energy transfer could be up to
~100% efficient. Note that this would imply that no energy is
lost to the surface as heat and the protein would stick to the
surface (and hence not be transmitted through the remainder
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of the instrument for mass analysis). In reality, the surface is
not perfectly clean or smooth and does not have an infinite
mass. Instead, the effective mass of FC;, SAM-covered surfaces
has been measured by Futrell and co-workers as ~150 for a
CS,* projectile (MW: 76.1 Da), which corresponds to the
CF;CF,CF end group of the SAM utilized in that particular set
of experiments.””> The effective mass of the surface was also
found to be independent of mass for a series of small peptides
(trialanine, tetraalanine, and two pentapeptides).263 Moreover,
what is experimentally observed is that when a protein complex
collides with the surface, presumably ~5—25% of the collision
energy is internalized to be redistributed among the bonds of
the molecule (based on experiments with small mole-
cules'®?°12%%)  5_60% of the collision energy remains as
residual kinetic energy (allowing the ion to move away from
the surface),’”* and the remainder is lost to the surface as heat
(or motion of the chains for a SAM-coated surface).”** As we
will discuss later, the particulars of energy partitioning for
protein complexes have only been investigated in a handful of
recent studies (whereas energy partitioning is well charac-
terized for small molecules and peptides), and so this is an area
of research that needs further exploration. Even so, it is clear
that for a given lab frame energy, the greater mass of the
surface lends itself to higher energy deposition that does not
depend on a series of many low-energy collisions, a key
mechanistic difference with CID.*>'7#?'**" A5 determined by
Laskin and Futrell for a series of peptides, the efficiency of T
— V energy transfer (~15—20%) is determined by the center-
of-mass energy rather than the laboratory frame collision
energy and is largely independent of collision energy.”’
Another factor to consider when comparing SID and CID is
that the long time-scale of activation by CID causes collisional
cooling to occur as a competing process, whereas the time-
scale of interaction between analyte and target in SID is very
brief.*”> These complications highlight that differences
between SID and CID fragmentation patterns cannot be
simply explained by efficiency of energy deposition alone but
by a series of contributing factors that include energy
deposition, time scale of interaction, number of collisions,
and influence of competing processes (cooling).

While there are no direct measurements of internal energy
deposition upon collision of a protein complex with a surface,
there is an abundance of evidence that SID deposits energy
differently than multicollision CID. First, noncovalent protein
complexes consistently dissociate at lower SID lab-frame
collision energies compared to CID; in other words, the
threshold for dissociation by SID is lower than CID, consistent
with the higher mass target of SID and lack of competing
processes (cooling) during activation. The 11+ charge states of
the D, symmetric homotetramers streptavidin, neutravidin, and
transthyretin, for example, all dissociate to dimers at an SID
collision energy of 330 eV but remain intact after 330 eV
CID.>® Some particularly sturdy protein complexes do not
dissociate by CID at the maximum CID voltage of commercial
mass spectrometers (200—300 V) but fragment readily by SID.
For example, phosphorylase B 29+ and 21+ (normal-charge
and charge-reduced) do not dissociate by CID 200 V (5800
and 4200 eV) on a Synapt platform but begin to fragment to
monomers around ~1000 eV via SID.”> Glutamate dehydro-
genase hexamer (39+ and 27+) shows similar behavior, with
limited, if any, fragmentation by CID up to 200 V (7800 and
5400 eV) but fragmenting to trimers and monomers by SID
130 and 190 V (~5100 V). On a UHMR, DMPC nanodiscs
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were found to shear in half béy SID at ~105 V but only lost
lipids via CID up to 225 V.'”° Charge-reduced GroEL 14mer
50+ was found to fragment by SID at 180 V (9000 eV) but not
by CID at 200 V (10 000 eV).>® Taken together, these results
suggest higher energy deposition in SID than CID at the same
lab frame collision energy, although the single vs multicollision
nature of SID vs CID should also be taken into account when
comparing energy deposition and makes direct comparison of
collision energies problematic.”®' The Prell group studied
energy deposition in SIU and CIU for a variety of protein
monomers (not complexes). The CIU and SIU fingerprints of
bovine serum albumin (66 kDa) in parts a and b of Figure 24,
respectively, exhibited similar overall transitions between
conformers but at drastically different energies.216 Similarly,
the SIU and CIU profiles of the N-terminal domain of anthrax
lethal factor (LFy'**) in parts ¢ and d of Figure 24,
respectively, showed similar structural transitions regardless
of activation method. Overall, using CIU and SIU data for
several additional monomeric proteins up to 80 kDa, a
correlation between nominal SIU and CIU energy was
approximated by the power law Egy o Ecy®®" (Figure 24e),
implying more efficient energy deposition via surface collisions.

4.2, Restructuring of Fragment lons after SID and CID:
Symmetric Vs Asymmetric Charge Partitioning

Differences in the manner in which energy is deposited into
protein complexes upon collision with a surface (an energy
“jump” rather than multistep, restructuring activation) vs
collision with a much smaller gaseous target partially explains
why marked differences in fragmentation patterns are observed
between CID and SID and also explains dissimilarities in
charge partitioning for the two collisional activation
techniques. Charge partitioning is intimately linked not only
to the charge density of the protein ions but also to the method
of dissociation. CID is well-known to eject highly charged
monomers from a noncovalent protein complex, leaving an (N-
Dmer intact,’'3>3070191:265726% Myltiple monomeric sub-
units can be stripped from a complex through typical
collisional activation with target gas (involving multiple low-
efficiency collisions), although whether the cleavages occur
simultaneously or (more likely) sequentially is un-
clear.’*797*"* Sequential removal of monomers was suggested
by Benesch et al, who observed production of 1lmer of
TaHSP16.9 12mer at modest CID collision energies with a
concurrent disappearance of the 12mer, but at high collision
energies the 1lmer species decreased in relative abundance
concurrent with appearance of a 10mer. It has also been
reported that peripheral subunits are preferentially re-
leased.*'*7*7>*"* Wang et al. found that nonperipheral
subunits could be released through secondary dissociation
after primary removal of peripheral subunits or directly from
charge-reduced or elongated protein complexes.”’* Song
studied dissociation of the heterohexamer TNH (untagged)
by CID and SID and observed changes in preferential ejection
of monomers via CID as a result of altered charge density on
the complex.””> Leney studied two hexameric protein
complexes made up of three copies of two monomers of
equal mass (which in one case had the same pIs and in a
second case had very different pls).”’® The hexamer with
monomers of ~ equal pIs expelled both kinds of monomers
upon CID, but the hexamer composed of monomers of
unequal pIs preferentially ejected the lower pI monomer. One
possible explanation is an asymmetric distribution of charges
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on the subunits. Curiously, in-solution dissociation experi-
ments (rapid dilution with organic solvent or formic acid)
showed that the higher pI monomer was expelled. Regardless
of which subunit is released, however, charge is generally
partitioned asymmetrically among CID fragments. The charge
partitioning is governed primarily by the relative surface area of
each subunit, which is consistent with restructuring mecha-
nisms in CID in which a monomer unfolds/elongates and
hence increases in surface area relative to the rest of the
co%r{lplex, thereby taking proportionally “too much” charge with
it.”

In contrast, SID spectra consistently exhibit more symmetric
charge partitioning, wherein the fraction of charge retained by
subcomplexes is approximately eq‘ual to their fraction of the
total mass of the precursor ion.”">" For example, CID of
concentration-produced (nonbiological) 11+ cytochrome C
dimers results in asymmetric charge partitioning, with two
distributions of monomers having most abundant charge states
of 8+ and 3+ (Figure 25a), whereas in the SID spectrum, only
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Figure 25. (a) CID and (b) SID spectra of (Cyt c),"'*. Reproduced
with permission from ref S1. Copyright 2006 American Chemical
Society.

a single Gaussian charge state distribution is observed with an
average charge of 5.5, or half the charge of the mass-selected
precursor (Figure 25b).%”7 This is true for other dimers as well,
for example phosphorylase B dimers with 29+ and 21+ charges
fragment by SID to monomers with 14.5+ and 10.5+ charges,
on average (Figure 26a,b).>° In fact, this observation is
consistent across tﬂ)ologies, from simple dimers®***>*”!'® and

. 5 : 8 .
cyclic complexes™ to dihedral®® and even heteromeric
23,114,115,121

neutravidin, and transthyretin with 11+ charges, low-energy
SID generates dimers with an average of 5.5 charges, in
agreement with a symmetric partitioning model.>® SID of
glutamate dehydrogenase hexamer produces topologically
consistent trimers with half the charge of the precursors
(39+ —19.5+; 27+ — 13.5+) despite the high collision energy
needed for activation (Figure 26¢,d).”

The charge partitioning models for neither SID (symmetric)
or CID (asymmetric) are absolute; there are exceptions and
curiosities that depend on protein structure, charge density,
presence of salt bridges and other noncovalent interactions,””
and activation energy. For example, CID can result in
symmetric charge partitioning in some cases. Jurchen et al.
studied CID of a-lactalbumin homo- and heterodimers (one
subunit oxidized and one reduced) and observed that the 15+
homodimer fragmented to 8+/7+ monomers, but the
heterodimer dissociated in an asymmetric manner in which
the reduced subunit retained 11+ charges and the oxidized
form carried ~4+ charges.*® It was also observed that the 17+
dimer of cytochrome C dissociated symmetrically, whereas the
charge-reduced 13+ dimer dissociated asymmetrically, imply-
ing a dependence on precursor ion charge density. Curiously,
when the 17+ dimer was transferred to the gas phase and
charge-reduced to 13+ (via proton transfer reactions),
symmetric charge partitioning was observed. In other words,
the structure of the gas-phase 13+ charge state depended on
the initial solution conditions which translated directly into
differences in fragmentation. Dodds et al. studied the
dissociation pathways of model homodimers of bacteriophage
N15 Cro, bacteriophage A Cro, and bacteriophage P22 Arc.”
The N15 Cro dimer exhibited symmetric charge partitioning
by CID, whereas A Cro exhibited asymmetric charge
partitioning. SID of both complexes yielded symmetric charge
partitioning. While neither dimer contains intrasubunit
disulfide bonds or cross-links, there are interfacial electrostatic
interactions within the 4 Cro complex, which increase the
energy threshold for subunit loss by CID, leading to monomer
unfolding as the primary CID pathway. Jia et al. recently
investigated the unfolding and dissociation pathways of f-
lactoglobulin A homodimers in both oxidized (disulfide bonds
intact) and reduced forms and observed symmetric charge
partitioning in both cases when SID was used for activation but
asymmetric partitioning (as a result of increased subunit
flexibility) in CID when the disulfides were reduced (though
both CID and SID were symmetric when precursor charge was
reduced).””® While SID spectra usually exhibit symmetric
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Figure 26. SID spectra of protein complexes exhibit symmetric charge partitioning.
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SID spectra of (a) phosphorylase B dimer 29+ at 110 V, (b)

phosphorylase B dimer 21+ at 150 V, (c) glutamate dehydrogenase hexamer 39+ at 130 V, and (d) glutamate dehydrogenase hexamer 27+ at 190
V. Adapted with permission from ref 55. Copyright 2014 Springer Science & Business Media.
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charge partitioning, cyclic complexes (e.g., TRAP and HFQ),
complexes with cyclic substructures (e.g., stacked rings like
GroEL), and particularly ions generated directly from
ammonium acetate solutions (normal charge) have been
known to generate highly charged monomers (and sometimes
other small oligomers) from both CID and SID.>*°%°%!103105
The mechanism by which the monomers acquire “too much”
charge after surface collision is not clear but might be caused
by secondary fragmentation of restructured intermediates,
monomer restructuring as monomer departs, or by excess
charge on the precursor, increasing its propensity to
restructure.’>*° Extended interactions with the surface (e.g,
multiple collisions or “skating” along) also cannot be ruled out
without further fundamental studies.

The origin of asymmetric charge partitioning in CID yet
symmetric charge partitioning in SID is best contrasted as a
multistep “heating” activation method (CID) vs a single high-
energy jump activation (SID) (Figure 1).>*'"**”" There is
both experimental evidence’*******" and molecular dynamics
simulations**”**' 7> that asymmetric charge partitioning is
the result of a monomer unfolding during the multistep CID
process. Benesch et al. found a correlation between the
proportion of charge retained by CID monomers and the
monomer surface area as a fraction of the total surface area of
the monomer and (N-1)mer.”’ The Konermann group has
developed several molecular dynamics simulations that show
initial breakage of zwitterionic interactions (salt bridges)
through ion heating followed by gradual unfolding of a
monomer during the CID process, with simultaneous proton
migration to the unfolding monomer in order to redistribute
the charge evenly throughout the protein complex as it is
restructuring.”*>**” Salt bridges have been considered an
important factor in the stabilization of protein-ions in the gas
phase, as the low dielectric constant in the vacuum strengthens
electrostatic interactions. It should, however, also be noted that
consideration of mobile protons is important when discussing
the stabilization imparted from salt bridges in gas-phase
protein ions and protein unfolding, with mobile protons being
shown recently in simulations to weaken salt bridges during
CIU.**® It was also observed that subunits could “compete” for
charge as they each start to unfold, with a single subunit
“winning” and separating from the remaining subunits. The
excess charge on the unfolded monomer is the direct result of
Coulombic repulsion to equalize the charge density through-
out the surface of the complex.”®> We can also conclude that
monomers of low charge should be compact (assuming charge
migration is driven by changes in monomer surface area),
which is supported by several studies.”””***’ The Thachuk
group developed molecular dynamics simulations to study
char§e partitioning and structural changes during
CID.”*7**'72% For the case study of cytochrome ¢ dimers, it
was determined that when only small structural changes were
observed during dissociation, the charges were distributed
symmetrically among the fragments, whereas asymmetric
charge partitioning was observed as a less well-defined
transition wherein a monomer unfolds but is temporarily
tethered to the folded monomer by its charged N-terminus
(Figure 27).”% Generally, charge movement and unfolding
were found by Thachuk to be charge-driven by Coulombic
repulsion and that charge distributes across the protein
complex so as to maintain the same charge density
throughout.”*”*%

AG

""l/_‘ )
L N
w, V&
2 5

,',’Ke-\kk »
e
n A
g 4
$AN®
C /
A ,
\_‘\( - l’;.

R e
ey

Figure 27. Monomer orientations during asymmetric dissociation of
cytochrome c dimer 10+ at a center-of-mass distance of (a) 6 nm, (b)
9 nm, and (c) 11 nm. The yellow monomer has 8 charges, and the
green monomer has 2 charges. Reproduced with permission from ref
28S. Copyright 2010 American Chemical Society.

The slow heating in CID contrasts directly with an
approximately single collision with a high-mass surface target.
Strictly speaking, it has not been explicitly demonstrated that
protein complexes only hit the surface target a single time, but
it is certainly reasonable to assume that the number of
interactions that a protein complex has with a surface is orders
of magnitude lower than the number of collisions with
background gas in CID experiments. As a result of the
combination of higher energy deposition [providing access to
fragmentation pathways otherwise inaccessible by the less
efficient (lower target mass), multistep CID] and the ~single-
collision nature of the surface collision, monomers cleaving
from a complex do not extensively restructure by SID, resulting
in symmetric charge partitioning (and ligand retention) unless
dissociation can only occur following unfolding.

On the basis of the above arguments, we might expect all
SID fragments to be compact, and while most SID fragments
are compact, it is not true for SID fragments of relatively high
charge.”>> Consider, for example, that the highly charged
monomers (<m/z 2000) from SID of TRAP in Figure 11
appear more extended (and hence unfolded) than the
monomers of lower charge (>m/z 2000). Moreover, many
fragments have been observed to be compacted or otherwise
restructured compared to native crystal structures as judged by
collision cross section and gas-phase hydrogen—deuterium
exchange measurements, suggesting that compact fragments
may be rearranged regardless of their origin. This is most
prevalent for cyclic structures which would be expected to
rearrange following activation/dissociation in order to max-
imize intersubunit interactions.''®

Returning first to the case of the D, symmetric
homotetramers streptavidin, neutravidin, and transthyretin,
Quintyn et al. compared the collision cross sections of CID
and SID monomers, dimers, and trimers to those calculated
from the native crystal structure and found that SID dimers
were well in agreement with the native state (~21 nm?),
assuming cleavage of the smallest interfacial area.”® Monomers
from SID of dimer phosphorylase B also agreed well with
values calculated from crystal structure so long as the charge of
the monomer was low. In particular, 15+ through 20+
monomers from SID of 29+ dimer appeared unfolded, whereas
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monomers of lower charge, produced from SID of either the
29+ or 21+ dimer, had CCSs that agreed well with crystal
structure.”>  SID experiments with membrane proteins as
analyte ions had similar results, with dimers and monomers
from SID of trimer AmtB exhibiting CCSs consistent with the
crystal structure and monomers and dimers from SID of
tetramer AqpO agreeing with crystal structure.'’' However, the
trimer CCS agreed better with a rearranged form as is common
for cyclic complexes whose subcomplexes rearrange (collapse),
presumably to maximize intersubunit interactions and overall
stability of the gas-phase subcomplex.

Investigation of the SID and CID products of pentameric C-
reactive protein and tetrameric concanavalin A revealed two
interesting ﬁndings.35 First, the collision cross sections of
monomers and pentamers originating from CID and SID were
identical so long as the charge state of the fragment was also
identical between the two methods (Figure 28). This
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Figure 28. Comparison of CCSs of subcomplexes produced by (a,c)
CID and (b,d) SID of pentameric C-reactive protein and tetrameric
concanavalin A. While monomer CCSs agree well with crystal
structures, the CCSs of larger oligomers suggest collapse/restructur-
ing in both CID and SID. Open symbols are product ions from
normal-charge precursors (24+ CRP and 19+ ConA), while filled
circles originate from charge-reduced precursors (18+ CRP and 13+
ConA). Reproduced with permission from ref 35. Copyright 2013
Royal Society of Chemistry.

experimental finding suggests that the charge state of the
fragment, rather than the dissociation method, is a better indicator
of its conformation. While highly charged monomers from both
CID and SID were unfolded, monomers of low or modest
charge were not, even after CID. The second interesting
finding from this study was that, while monomer collision cross
sections agreed quite well with those predicted from the crystal
structures,”® the CCSs of the dimers, trimers, and tetramers
from both CID and SID were not consistent with the “native”
arrangement within the original complex and had CCSs
smaller than those calculated from “collapsed” configurations
in which intersubunit interactions were maximized. This
suggests that both CID and SID product ions, even compact
ones, may undergo some degree of restructuring (e.g.,
relocation of polar residues or binding sites to increase

AH

intersubunit stability, as suggested by Zhou et al.*®) that causes
only a modest change in CCS. Similar findings were reported
for trimers from SID of both 39+ and 27+ hexamer glutamate
dehydrogenase.” The compact trimers (<19 charges)
appeared collapsed regardless of precursor or fragment ion
charge state, whereas trimers with >18 charges, generated
exclusively from the 39+ hexamer, were unfolded, suggesting
restructuring of the complex to produce the unfolded trimers.
Our group has preliminary gas-phase hydrogen—deuterium
exchange data that also suggest (1) that CID and SID
fragments are similar (i.e,, have similar HDX rates) regardless
of origin so long as their charge states are the same, and (2)
that subcomplexes produced by SID can be restructured
compared to their alignment in the native complex, which is
evidenced by the proportionally lower exchange rates of SID
fragments compared to their native, unactivated precursors
(e.g, a dimer fragment exchanges much less than half as much
as a native tetramer precursor). Taken together, ion mobility
and hydrogen—deuterium exchange measurements show that
while SID fragments are compact, they are not necessarily
“native” and may be restructured in such a way to increase
intersubunit interactions and thus stabilize the subcomplexes.

The prior discussion assumes that subcomplexes restructure
after the precursor complex has dissociated, but it is also
possible for collapsed or unfolded subcomplexes to be
produced from a restructured or charge-stripped precursor,
although it might be surprising if the fragments reflect the
initial complex topology if there is significant restructuring
prior to dissociation. For example, Ma et al. conducted energy-
resolved SID studies of phosphorylase B and glutamate
dehydrogenase from ammonium acetate (“normal” charge)
and charge-reducing conditions (with TEAA additive).”> SID
of phosphorylase B dimers produced both folded and unfolded
monomers as measured by ion mobility, with unfolded
monomers being the prevalent fragment under normal-charge
conditions and folded monomers preferred under charge-
reduced conditions. For the normal-charge precursors (29+),
the proportion of unfolded monomer increased rapidly as the
amount of unfolded precursor was observed, suggesting that
they may, in fact, originate from the unfolded dimer rather
than unfolding after dissociation. Two charge states of
glutamate dehydrogenase hexamer were also studied (39+
and 27+). Using the same logic as for phosphorylase B, Ma et
al. hypothesized that the 39+ hexamer restructures and
subsequently dissociates, rationalizing the observation of
unfolded trimer and monomer, whereas the charge-reduced
27+ state remains compact at low SID energy but eventually
expands slightly and dissociates to give primarily folded
trimers. Secondary dissociation of folded trimers was
speculatively suggested to rationalize observation of both
folded and unfolded monomers. GroEL, an 801 kDa 14mer of
a stacked 7mer ring arrangement, has been observed to
dissociate by SID (from ammonium acetate charge states,
~71+) to form some hexamers centered around the 15+
charge state as well as highly charged monomers (average
~22+), which may be the result of secondary dissociation of
the topologically relevant fragments (~35+ 7mers).*® These
fragments were also produced from charge-reduced ~50+
GroEL, although in much lower abundance (with concurrent
increase in topologically relevant 7mer fragment), as in most
cases asymmetric charge partitioning and non-native fragmen-
tation is significantly diminished when the precursor charge is
reduced.® Moreover, there is some evidence that large
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complexes with many charges may fragment from a charge-
reduced state after some charge has been stripped away by
collision with a surface. If this were the case, then the sum of
the charge on the fragments ought to be lower than the total
charge of the precursors, as observed for GroEL, where the
average charge state of the 7mer SID fragment generated from
~50+ 14mers was ~21+.>° Secondary dissociation and charge
symmetry continue to be explored in our and other
laboratories in order to improve our understanding of the
fragmentation mechanism for noncovalent protein complexes.

4.3. Improving Our Understanding of SID

Certain aspects of the mechanism of SID of noncovalent
protein complexes are better characterized than others. It is
clear from the previous sections that charge partitioning,
topologically reflective dissociation patterns, and collision cross
sections of some representative activated complexes and their
fragments are well characterized, but there are several
questions that remain unanswered. For example, the optimal
incidence and most likely scattering angles of precursor ions
and fragments have not been determined for any noncovalent
protein complexes. Although it can be reasonably asserted that
SID involves fewer collisions with the neutral target than CID,
it is not clear whether SID involves only a single collision or
perhaps a few collisions. Or rather it may be that under certain
conditions a protein complex “skates” across the surface or
undergoes a “sticky” collision in which the ion is deposited on
the surface (akin to soft landingwo) and is later ejected by
further primary collisions. The latter might be implied if
unfragmented precursor ions are left with less residual kinetic
energy than fragments due to thermalization while on the
surface.””’ However, kinetic energies of scattered complexes
and their fragments have not been measured and reported in
detail, with only a handful of preliminary measurements having
been made,'®**”” in part because of uncertainties in the quality
of these measurements in instruments designed for analytical
mass spectrometry. For example, we have recently measured
the residual kinetic energy of streptavidin tetramers (10+ and
11+) as a percentage of collision energy as 18% at SID 450 eV
but only 9.4% at SID 850 eV.'"”" On the basis of recently
acquired data, we have determined approximate residual
kinetic energies of several other complexes and their fragments
(as a percentage of the SID collision energy) after SID with a
stainless steel surface to be ~20—30% for ~200 eV collisions,
linearly decreasing to ~10% at 1000 eV collision energy, but
these values are likely to vary by SID device design.””* That the
residual kinetic energy decreases with collision energy either
implies more efficient energy deposition (internalization) or, in
better agreement with direct dynamics simulations conducted
previously with octaglycine, more energy transferred to the
surface and lost as heat/excitation of surface coatings or
contaminants.””* Regardless, other aspects of SID energy
partitioning for noncovalent protein complexes have not been
measured, for example, the internal energy deposition and the
energy transfer to the surface, particularly as a function of
collision energy and protein mass and conformation.

While there is a lack of experimental data characterizing SID
energy partitioning for protein complexes, several groups
(Laskin and Futrell,!5%164172,237,238,261,283,295
Barnes,2?#296=301 age 171/173,173,294,300=306 4 fyop
ley’”7?"%) have performed extensive experimental and
theoretical characterization of energy partitioning with
peptides as analytes. Discussion of these studies in detail is
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beyond the scope of this text but is enumerated briefly here.
Much of Laskin and Futrell’s work has been discussed earlier in
the paper and focuses on kinetics, energetics, and dynamics of
peptide fragmentation by SID on an FT-ICR mass
spectrometer, '~ 0%172237,238201,263.295 ey findings include
similar peptide fragmentation patterns in both SID and
CID,**"*% similar internal energy deposition in the two
techniques,”"**® and observation of a (still contested)
“shattering” fragmentation mechanism in which dissociation
occurs at or very near the surface rather than sometime later
away from the surface.””> Hase (and more recently continued
by Barnes) developed classical trajectory simulations to study
many aspects of SID, including the effect of surface stiffness'””
and projectile orientation®”> on energy deposition, general
energy partitioning in peptide and metal carbonyl
SID,*"> 73309314 4nd importance of shattering fragmentation
for small peptides.*””>°**'> Barnes has studied the effect of
protonation site and conformation on SID,*” reactions of
peptide analyte ions with SAM surfaces,”’ the role of proton
motion in SID,**® and fragmentation and energetics of SID of
octaglycine.””* Barnes and Hase have coauthored several
excellent review articles describing the utility of chemical
dynamics simulations.'”"*°>*°" The Hanley laboratory studied
internal energy deposition, kinetic energy retention, and
activation energies for SID of small molecules,’*®*'%*'**!
shattering during SID,**” and the effect of peptide structure on
kinetic energy retention.’’’ For example, for a series of
peptides, linear molecules retained 24% of the incident ion SID
energy as kinetic energy, while only 21% and 17% was retained
for cyclic dipeptides and a four-peptide ring, respectively.”'" It
is likely that these results will translate directly into differences
in energy partitioning for protein complexes of different
shapes, sizes, and flexibility, as recently described by the Prell
group for monomeric proteins.216

Another mechanistic question needing further experimental
investigation is the time scale of dissociation and whether SID
of protein complexes can be fully described by an RRKM
model or whether a “shattering” mechanism proposed for
metal carbonzls and small peptides also contrib-
utes.'”V?7>39%3% An energy partitioning model in which
residual kinetic energy is distributed proportionally by
fragment mass, which is in agreement with our recent kinetic
energy measurements,'** suggests the RRKM model as the
dominant dissociation pathway for protein complexes rather
than fast dissociation at or near the surface (in which the
fragments would have identical kinetic energies rather than
identical velocities). The strong similarity of SID and CID
spectra of peptides and other small molecules is also consistent
with both undergoing typical RRKM type fragmentation and
consistent with what Barnes has reported as a decrease in “fast
fragmentation events” making up ~50% of the total fragment
population to <10% as 6peptides increase in size from 2 to 8
residues, respectively.””® The extent of neutralization on the
surface has not been explicitly characterized, but it is thought
to be minimal for large, multiply charged species. Even so,
chemical and physical changes on the surface and in the
protein complexes themselves have not been explored in detail.
It has recently been suggested, for example, that lipid
molecules may be left on the surface after conducting SID of
lipid-containing nanodiscs,'*®

Finally, it is worth investigating further how fragments are
formed by either primary vs secondary dissociation and
determining which structural motifs require unfolding or
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restructuring to cleave the noncovalent interaction within some
complexes. It is not known, when restructuring is required,
which structural motifs are most prevalent. We have also
observed that some complexes charge strip before dissociating,
but the extent of charge stripping and its correlation with
structure or flexibility have not yet been investigated or
systematically compared with charge stripping that occurs by
CID. Furthermore, as we have already discussed, ion mobility
and HDX measurements have suggested some degree of
collapse/restructuring for some SID products, even though
fragment ions from SID are generally compact. We have been
careful to use “compact” rather than “native” to describe SID
fragments, as the structures of these subcomplexes are not
explicitly known (e.g,, no crystal or cryo-EM structures exist
for SID fragments). A straightforward and promising approach
to determine the structures of fragments after SID and CID is
ion soft landing, which was initially conceived in the Cooks’
laboratory”” but has been utilized by Benesch and Robinson to
study protein assemblies by electron microscopy after
manipulation in the gas phase.’’®*'” Anggara et al. recently
coupled scanning tunneling microscopy with soft surface
collisions to study the conformational landscape of oligosac-
charides, further highlighting the utility of such an approach.’"*
A combination of ion mobility, gas-phase HDX, and
computational modeling should also provide insight into
morphologies of these collapsed structures. A better under-
standing of the mechanism of SID could also directly benefit
the structural biology studies discussed in this review, as a
better definition of the energetics and mechanism could
improve the development of computational methods for
structure prediction from SID data (discussed in section 2.1)
and might also be used to improve the SID device design.

5. CONCLUSION AND OUTLOOK

Surface-induced dissociation has been applied to protein
complexes for almost 15 years (more recently to nucleoprotein
complexes) and has been coupled with traveling wave and
trapped ion mobility for structural studies of protein
assemblies. It has been illustrated with multiple device designs
on multiple nMS instrument types, including QTOF, FTICR,
Orbitraps, and ELITs, with recent efforts to improve SID
accessibility and ease-of-use proving fruitful for dissemination
to the wider nMS community through collaborations with
instrument manufacturers. Through the application of SID to
multiple model and real-world (unknown structure) com-
plexes, much has been learned about the characteristics of SID
as an especially effective dissociation method for protein
complexes, providing connectivity map information that is not
readily accessible by other established activation methods.
Although SID has only recently been introduced as a
commercial product,'”® it is already playing a role in structure
determination of protein and nucleoprotein complexes as more
and more collaborators request devices or data. nMS coupled
to SID has shown its value as a complementary structural
biology tool that is quick and easy, providing important project
progress information prior to, as an alternative to, or in
conjunction with the use of atomic resolution tools. We
consider nMS, with SID and IM, to be daily use/workhorse
tools that can answer questions that allow investigators to
move projects forward. Investigators can use nMS/IM/SID to
refine their understanding of their system and reserve higher
resolution tools for specific project points where higher
resolution structural information is needed while taking
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advantage of the improved understanding of the system (e.g.,
protein or nucleic acid heterogeneity and ligand IDs/numbers)
prior to applying atomic resolution tools. SID data are
increasingly used together with cryoEM data and with
advances in software may be used more frequently in 3D
reconstructions. Computational methods are allowing SID
data, sometimes in concert with low resolution data from other
structural methods, to provide improved structure prediction
or refinement. The overarching near-term goals for SID and
nMS are to integrate SID onto complete platforms that enable
online separations with limited sample preparation and that
incorporate multiple activation methods (to cleave the
complex into subcomplexes and provide ligand location and
sequencing information) in a single instrument with automated
data analysis (including software for prediction of the structure
of the overall complex). Future goals include routine use of
nMS (because it can select ions of a given m/z) and SID (to
produce subcomplexes) as a preparative tool for other
structural biology methods, perhaps even coupling preparative
mass spectrometry directly to other methods of interest,
making measurements on the same mass-defined ions with
more than one structural biology tool.”'~**°
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ABBREVIATIONS

AE = appearance energy

CCS = collision cross section

CDMS = charge detection mass spectrometry
CID = collision-induced dissociation

CIU = collision-induced unfolding

Cryo-EM = cryo-electron microscopy

ECD = electron capture dissociation

pubs.acs.org/CR
EDDA = ethylenediamine diacetate, a charge reducing
reagent

AK

ETD = electron transfer dissociation

ExD = electron activated dissociation

ELIT = electrostatic linear ion trap

ERMS = energy-resolved mass spectrum (or spectrometry)
FT-ICR = Fourier transform ion cyclotron resonance
HCD = higher energy collisional dissociation (beam-type
CID)

HDX = hydrogen—deuterium exchange

IRMPD = infrared multiphoton dissociation

m/z = mass-to-charge ratio

MS/MS = tandem mass spectrometry

NMR = nuclear magnetic resonance

nMS = native mass spectrometry

PTM = post-translational modification

Q-IM-TOF = quadrupole, ion mobility, time-of-flight (mass
spectrometer)

Rf = radiofrequency (voltage)

RRKM = Rice—Ramsberger—Kassel-Marcus (theory of
reactivity)

SAM = self-assembled monolayer

SEC = size-exclusion chromatography

SID = surface-induced dissociation

SIU = surface-induced unfolding

TEAA = triethylammonium acetate, a charge reducing
reagent
T — V = conversion of kinetic energy to internal vibrational
energy

UVPD = ultraviolet photodissociation
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