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The ability to observe intact proteins by native mass spectrometry allows measurements of size, oligomeric state,
numbers and types of ligands and post translational modifications bound, among many other characteristics.
These studies have the potential to, and in some cases are, advancing our understanding of the role of structure in
protein biology and biochemistry. However, there are some long-unresolved questions about to what extent
solution-like structures persist without solvent in the vacuum of the mass spectrometer. Strong evidence from
multiple sources over the years has demonstrated that well-folded proteins maintain native-like states if care is
taken during sample preparation, ionization, and transmission through the gas phase. For partially unfolded
states, dynamic and disordered proteins, and other important landmarks along the protein folding/unfolding
pathway, caution has been urged in the interpretation of the results of native ion mobility/mass spectrometric
data. New gas-phase tools allow us to provide insight into these questions with in situ, in vacuo labeling reactions
delivered through ion/ion chemistry. This Young Scientist Perspective demonstrates the robustness of these tools
in describing native-like structure as well as possible deviations from native-like structure during native ion
mobility/mass spectrometry. This Perspective illustrates some of the changes in structure produced by the
removal of solvent and details some of the challenges and potential of the field.

1. Introduction
1.1. Flying elephants

The history of forming bare ions by spray-based droplet methods,
including the works of Malcolm Dole [1], Iribarne and Thompson [2],
Vestal and coworkers [3], Lidija Gall [4], and John Fenn [5] is well
known by members of this community. Since the application of elec-
trospray ionization was reported by multiple research groups, mass
spectrometers have been measuring a new state of matter: the flying
elephant [5]. Indeed, the field of native mass spectrometry (nMS) had its
beginnings in the early portion of the 1990s when naked gas phase
protein ions [6] and non-covalent complexes [7,8] of proteins were
observed intact in mass spectrometers. One of the earliest observations
was that the number of charges on the ions and the shapes of the charge
state distributions depend strongly on the solution conditions from
which the proteins were electrosprayed, suggesting a link between so-
lution phase structure and m/z for protein ions [9]. Not much later in-
vestigators began to couple electrospray to ion mobility spectrometry
coupled with mass spectrometry (IM/MS), a technique that separates
ions by size and shape to charge ratio, observing that the overall shape
and size of gas-phase protein ions could be measured [10]. Many
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groundbreaking experiments were done in this area including increasing
protein ions’ kinetic energy into the mobility cells to see how protein
conformations change as a function of collisional energy [11], as well as
observing changes in the ion mobility spectra as a function of the
makeup of the electrospray solvent [12]. Exciting current research in
nMS and nIM/MS includes probing membrane proteins and the lipids
and other ligands that stabilize them [13-15], sequencing and identi-
fying membrane proteins directly from cellular membranes [16], ther-
modynamics applied to the study of the myriad important solution
conformations in protein folding and protein dynamics and the binding
of ligands in stabilizing and activating protein/protein complexes [17,
18], the characterization of gas-phase stabilities for screening bio-
therapeutics, including fusion proteins [19], and RNAs [20], and the
study of massive virus particles and other megadalton plus biomolecules
via charge detection mass spectrometry and allied techniques [21,22].

1.2. Do proteins retain Solution structures during and following
ionization?

By 1997 Joe Loo, at Parke-Davis/Pfizer at the time, had written a
review on the application of electrospray (ESI) mass spectrometry to
studying noncovalent protein complexes [23]. In this review he added
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an important fourth S to the three Ss of Fred McLafferty (speed, sensi-
tivity, selectivity), stoichiometry. Under stoichiometric nMS measure-
ments, Loo included the number of ligands bound to a protein and the
oligomeric order of a protein-protein complex (i.e., quaternary struc-
ture). Later, the identification of the number and types of protein
modifications for intact proteins gave rise to the idea of protofeorms
[24] (multiple protein forms encoded by the same canonical DNA
sequence but with functional differences). Loo also noted that at that
present time there were “three camps of opinion [regarding ESI for
studying protein complexes]: believers, non-believers, and undecided.”
IM/MS studies [25] as well as indirect information provided by
electron-based fragmentation methodologies [26] revealed that in fact
proteins do retain important elements of tertiary and quaternary struc-
ture in the gas phase over the time scale of IM/MS experiments [27].

However, there are many studies that show important differences.
Protein ions are significantly compacted in the gas phase when
compared to structures derived from X-ray crystallography [28-30].
Additionally, the change in dielectric between gas phase and solution
phase results in much stronger electrostatic interactions including
coulombic repulsion which was shown to lead to the expansion of
structures for example, in higher charge states of ubiquitin as observed
by Bowers in coworkers by IM/MS [31]. Breuker and McLafferty
rephrased Loo in their 2008 paper to state, “for how long under what
conditions and to what extent can solution structure be retained without
solvent?” [32].

This question is perhaps even more important for investigating steps
along the so-called protein folding funnel. These important steps include
partially folded and unfolded states [33], as well as intrinsically disor-
dered or dynamic proteins (which some estimate to make up to 40 % of
protein in human cells) [34], and toxic oligomers and aggregates.
Though important discoveries have been made in these areas, there have
also been important warnings from the community, including state-
ments that there are no or few connections between gas phase and so-
lution structure for more unfolded or unstructured proteins, or for
natively folded proteins that are sprayed from denaturing conditions,
citing different ESI mechanisms for compact proteins versus more
extended species [35]. An important statement was made by Vahidi and
Konermann where caution was urged in the interpretation of IM/MS
data for partially disordered proteins due to the governance of charge on
overall gas phase structure [36]. However, they were optimistic that
“future developments will result in the emergence of more robust stra-
tegies for the interrogation of non-native conformers by gas phase
methods.”

1.3. Technologies and our role

There have been developments of quite a few gas-phase technologies
to give additional information to IM/MS alone (other than the before
mentioned electron fragmentation techniques). These include photo-
dissociation techniques [37], [38] ion/molecule reactions [39]
including hydrogen deuterium exchange [40], and other methods that
have been performed in the gas phase for the purpose of interrogating
gas-phase structures. Unlike traditional experiments, these experiments
require that the entire protein be transferred intact into the gas phase.
My start in this research area was at Purdue University in the research
laboratory of Scott McLuckey, where the ability to form covalent bonds
in the gas phase through ion/ion reactions between ions of opposite and
unequal charge inside of an ion trap mass spectrometer (forming the
covalent product from a strong electrostatically-bound ion/ion complex
via low-energy collision induced dissociation (CID) [41]) had recently
been demonstrated. At the time I was tasked with using sulfo-NHS
(sulfo-N-hydroxysuccinimide) based crosslinking reagents to intramo-
lecularly crosslink the small protein ubiquitin in the gas phase. We
discovered that the crosslinking process was not random. Our identifi-
cations showed tendencies of sulfo-EGS (ethylene glycol bis(sulfosucci-
nimidyl succinate)) to react in specific positions, suggesting preferred
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structures or conformational arrangements [42]. It was at this time
when I became familiar with the scientific literature on the study of
gaseous protein ions. I became interested in both exploiting mass spec-
trometry as a structural biology technology as well as determining
whether these gas-phase measurements yielded accurate descriptors of
solution-like states.

In my time as a postdoc and staff scientist in the laboratory of
Richard Smith at Pacific Northwest National Laboratory, I actively
worked with ion mobility spectrometry [43] including high resolution
ion mobility separations of proteins. Therefore, the first goals in my
independent career were to establish methodology for gas-phase protein
structural interrogation and to provide insights into which aspects of
protein structure are retained in mass spectrometry measurements,
fulfilling the hope (or so I thought) of Vahidi and Konermann for a more
robust strategy for the interrogation of non-native conformers. In this
Young Scientist Feature, unlike a traditional review, I will primarily
focus on contributions from our research laboratory in the field of
gas-phase protein structure.

2. Development of a platform for gas-phase structural biology

2.1. Coupling ESI/ESI ion/ion reactions with a Commercial ion mobility/
mass spectrometer

A suitable platform to perform these ion/ion reaction studies for
determining gaseous phase structures for proteins needs to have three
essential components. The first component is the ability to somehow
pulse anions and cations into the instrument [44], the second is the
ability to store both ion polarities simultaneously in an ion trap [45],
and third, the ability to explore the overall structure with a comple-
mentary method. Due to these factors, I decided to purchase a Waters
Synapt G2-Si q/IM/TOF instrument with electron transfer dissociation
(ETD, a kind of ion/ion reaction) enabled and ion mobility enabled.
However, out of the box the instrument was not suitable for these
ESI/ESI studies. With help from Jeff Brown and Lindsay Morrison at
Waters [46] the route to enabling ESI/ESI ion/ion reactions on the
Synapt was made clear. The first implementation used the lockspray
source, which uses a sample capillary as well as a lockspray reference
capillary for internal mass calibration. The baffle between the two
sprayers was removed, and the voltage for the ETD needle was placed on
the lockspray capillary, while the lockspray capillary voltage was
removed. In this way we could use the embedded ETD software modules
to control the application of voltages to the ion sources synchronously
with the anion and cation fill steps in the ETD sequencing. Thus, instead
of trapping an ETD reagent, we trapped the ESI-generated anions fol-
lowed by transmission of cations into the ion trap (Fig. 1). The trap is
located after the quadrupole which allowed us to mass select both the
reagent and protein ion. The ion/ion reaction products were released
from the trap and separated based upon the number of sequential re-
agents (i.e., by post ion/ion charge state) by IM/MS. Fragmenting the
ion/ion products after the ion mobility separation allows for the
mobility alignment of fragment ions to their precursors. A similar
strategy could have been to employ an additional quadrupole mass
analyzer to select ion/ion products, or to use a linear ion trap for MS", as
has been done in other setups [42]. One of the issues with our setup is
that we were limited to the power supply for discharge ionization to use
as the reagent ESI supply, so we used the Waters Research Enabled
Software (WRENS) to allow us to more precisely choose the exact
voltage applied to the anion sprayer and exceed the typical limitation of
2 kV. However, timing the pulsing of the electrospray sources with
trapping was challenging, leading us to eventually use an external power
supply that was triggered by the changing of polarities in the ion trap
[47]. We adapted the same setup for the nanolockspray source allowing
us to perform ion/ion reactions at nanoflow rates or via static nano-
electrospray with pulled borosilicate glass capillaries.

We published our initial adaptation of the instrument for ESI/ESI
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Fig. 1. A cartoon of the region of the instrument involved in performing the ion/ion reactions. The labels below the ion optics correspond to the locations where DC
voltages are applied during the experiment (not shown for the mobility cell). A. Anions (black minus signs) are mass selected in the quadrupole and injected into the
trap. B. Cations (red plus signs) are isolated and injected to the trap. The trap gate prevents cations from being released. Ion populations overlap and the ion/ion
reaction proceeds to products (green circles). C. Product ions are pulsed out of the trap with a 500 ms pulse of the trap gate and drift through the ion mobility cell.
Products will traverse the transfer cell and the time-of-flight mass analyzer (not shown). D. Voltage diagram for the three states of the trap during the ion/ion
reaction. Reprinted from International Journal of Mass Spectrometry, 444, Dueling electrospray implemented on a traveling-wave ion mobility/time-of-flight mass
spectrometer: Towards a gas-phase workbench for structural biology, 116177-116185, Copyright 2019, with permission from Elsevier.

ion/ion chemistry in 2019 in [JMS in a special issue honoring Scott
McLuckey on the topic of probing biomolecules in the gas phase [46].
Our findings were neither controversial nor unexpected. Reactions
proceeded with increased spatial and phase overlap between cations and
anions [48], with additional collisional cooling with higher gas pres-
sures, better confinement of both polarities of ions in the same space
with higher RF amplitudes, and longer reaction periods via reduced
traveling wave heights [49] enabling more extensive reactions. One of
the difficulties that we did have, however, was in observing efficient
formation of the covalent reaction between protein cations and regent
anions. With typically used helium cell pressures, flow rates of greater
than 100 mL per minute, collisionally activating the ion/ion complex
formed by reaction of the 6 charge state ion of ubiquitin with the
sulfobenzoyl-HOAT (1-Hydroxy-7-azabenzotriazole) anion [50] resul-
ted in simply the loss of the reagent, yielding the mass and charge dif-
ference nominally equal to the loss of a proton from the unreacted 6
ion. To favor the covalent reaction channel, which would be observed as
a neutral loss of the m/z equal to the formula weight of the HOAT
reactive moiety, we significantly decreased gas flows into both the he-
lium cell and ion mobility cells to 20 mL per minute flows or lower,
allowing us to use much lower collision energies and observe the co-
valent product. Ubiquitin and cytochrome C were chosen as model
proteins since they have both been extensively characterized in solution
and gas phases, providing robust measurements and calculations for us
to validate our methodology against.

The product from covalent ion/ion reactions has been determined by
the McLuckey group to be favored under low energy activation over a
longer time periods, suggesting that these processes occur at far lesser
energy than do process such as CID [51]. Fig. 2 shows the ion/ion re-
action where formation of the covalent product was strongly favored
over loss of the reagent. We used HOAT esters instead of NHS esters, as
they have been shown to react much more quickly, and in our experi-
ments, kinetics drives the observed product [50]. We used CID following
the mobility separation of each ion/ion product to localize the binding
of the sulfobenzoic acid and formation of new amide bonds with either
arginine or lysine, demonstrating the potential utility of our new method
and platform.

2.2. Covalent and electrostatic ion/ion reactions with ubiquitin

Again, by performing CID in the transfer cell of the instrument,
which follows the mobility cell, we can detect b and y-type fragment
ions as a function of the specific ion/ion reaction product, if the ion/ion
products were separable by mobility. We determined sites of covalent
modification by determining which fragments included the mass of the
covalent modification and which did not. With this workflow, we
investigated whether our method was sensitive to changes in protein
structure. Therefore, we performed ion/ion reactions with the 5" and 6"
charge states formed from aqueous ammonium acetate solutions of
ubiquitin, allowing us to localize labeling to lysine 29 and arginine 54
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Fig. 2. A. Mass spectrum from the ion/ion reaction of ubiquitin 6* with sulfo-
benzoyl HOAT- (SB-HOAT). B. ATD of ion/ion reaction in A. with reduced
pressures in the helium cell and IM cell and 40V trap cell bias. C. Mass spectrum
corresponding to 14.517-15.899 ms in B. The * denotes covalent addition of
the sulfo-benzoyl moiety through observation of the neutral loss of HOAT.
Reprinted from International Journal of Mass Spectrometry, 444, Dueling elec-
trospray implemented on a traveling-wave ion mobility/time-of-flight mass
spectrometer: Towards a gas-phase workbench for structural biology,
116177-116185, Copyright 2019, with permission from Elsevier.

International Journal of Mass Spectrometry 504 (2024) 117312

for both of these species [52]. (While solution phase covalent labeling
through NHS, HOAT or other activated ester amine-reactive reagents is
not reactive with arginine, because nearly all arginine residues will be
protonated at biological pH, in the gas phase, there are often more
ionizable sites than are ionizing protons, especially under nMS ESI
conditions. The McLuckey group previously determined that in fact
deprotonated arginine residues were very reactive towards NHS-ester
ion/ion chemistry, with the observation of covalent modification of
arginine containing peptides in the gas phase.) [53] When we examined
the 77 and 8" charge states, the reagents that were electrostatically
bound to ubiquitin ions were lost during transmission through the in-
strument, likely due to the lack of available sites of modification with the
greater number of protons, preventing covalent product formation, or
via changes in structure driven by coulombic repulsion in gas phase
putting too much distance between the electrostatic binding site and
covalently reactive residues [54,55].

We also sought to determine whether our ion/ion reactions, the
activation energies associated with these reactions, and timescales of
our experiments were competitive with collision induced unfolding
(CIU) type processes [56] or were necessarily preceded by collision
induced unfolding prior to labeling. We used an Eyring activation
enthalpy and entropy treatment with computations developed by the
Prell group in their Ion Spa simulation program, developed to measure
activation and thermodynamics for ions in various parts of mass spec-
trometers [57]. Our results showed that covalent bond formation was
favored at low energies, with an entropic/temperature dependent acti-
vation barrier, and unfolding was favored at higher energies [58]. We
were also able to determine that covalent reactions took place without
applying any collisional energy beyond the kinetic energy necessary for
ion transmission, albeit this process was very slow. These data suggested
that covalent bond formation was not preceded by unfolding, and that
the structural insights formed from these methods inform on well-folded
native-like states if measured in low energy conditions with ESI from
aqueous ammonium acetate solutions.

2.3. Electrostatic ion/ion crosslinking of folded cytochrome C ions

Finally, upon modifying our instrument with the ExD cell from e-
MSion following our ion mobility cell [59], we could localize covalent
and noncovalent modifications via electron capture dissociation (ECD)
[47]. The ability to localize noncovalent modifications by ECD has been
extensively demonstrated in the literature. Noncovalently bound ligands
[60] and labile post translational modifications (PTMs) [61] are
conserved under electron capture dissociation. By conducting ion/ion
reactions with disulfonate salts, with sulfonate groups spaced by
different length linker groups, we could form two-sided salt bridges with
positively charged residues, electrostatically crosslinking them. Linker
distances were obtained by performing geometry optimizations using
density functional theory (Fig. 3A and B) [62]. We then used these
different electrostatic crosslinkers as distance restraints for modeling
gaseous structures. Since we wanted to avoid structures that were arti-
facts of overcrosslinking, we only examined single crosslinks at a time.
However, by using variable lengths, our hypothesis was that we could
probe different regions/interactions of the protein. We first tried these
experiments with cytochrome C 7% charge state which is generated from
nESI of cytochrome C from aqueous ammonium acetate. The ion/ion
products between this charge state of cytochrome C and the dianionic
disulfonate linkers were 5 ions, so, as a control, we used 1H,1H,2H,
2H-perfluoro-1-octanol (PFO), an effective proton transfer reagent
[63], to generate cytochrome C 5™ for comparison of ECD fragmentation
with the disulfonate-modified proteins.

We determined the binding sites of each of the electrostatic cross-
linkers via ECD of the ion/ion reaction products; and other than using
ECD instead of CID after ion mobility, the workflow was the same as for
the ubiquitin studies mentioned previously. We first examined the
crystal structure of cytochrome C and found that all the crosslinks were
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Fig. 3. A. Predicted lengths of the disulfonate electrostatic crosslinkers. B.
Predicted distance between the lysine nitrogen and sulfonate sulfur and argi-
nine C; and sulfonate sulfur. C. X-ray structure of horse heart cytochrome C
(gray) overlaid with five gas-phase MD replicates (cyan) with crosslinks labeled
(dotted lines and residue single letters and positions). Adapted with permission
from Analytical Chemistry, 94, Application of Multiple Length Cross-linkers to
the Characterization of Gaseous Protein Structure, 13301-13310, Copyright
2022, American Chemical Society.

over length. However, this is not surprising, as previous literature has
reported that proteins in the gas phase can compact significantly,
including cytochrome C [64]. Therefore we modeled gas phase struc-
tures of cytochrome C produced by a molecular dynamics method
developed for replicating experimental observations of protein
compaction in the gas phase [30,64], applying our crosslinking dis-
tances as restraints (Fig. 3C). We found that this produced structures
with collision cross sections (CCS) similar to measured cross sections
[65], as well as satisfying many of the restraints for five replicates. We
interpreted these results as evidence for multiple coexisting conformers
being crosslinked in the gas phase, as evidenced by the variety of
structures with varying CCS that satisfy restraints. Tandem ion mobility
“slicing” experiments of cytochrome C have revealed that native IM
mobility CCS distributions are in fact comprised of many
non-interconverting structures [66], supporting our interpretation. We
also observed decreased overlap with the X-ray structure for the random
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coil regions, demonstrating compaction in the gas phase.

3. Solution to gas structural transitions of chemically unfolded
proteins: ubiquitin and cytochrome C

3.1. Unfolded ubiquitin in the gas phase

Satisfied that our experiments were both structurally representative
and in strong agreement with previous ion mobility results, we moved
on to investigating partially and fully unfolded systems as this is where
the debate on whether the gas-phase structures represent solution-phase
structures is still unresolved [36]. Again, we used ubiquitin as our first
model system ionized from both neutral aqueous ammonium acetate
and acidic water/methanol (i.e., pH 3) solutions [67]. We used
sulfo-EGS crosslinker (i.e., the two sulfonate groups) as an electrostatic
crosslinker (vide supra) as well as used both electrostatic binding and
covalent binding site localization of sulfobenzoyl HOAT (electrostatic
binding of the sulfonate to a positively charged residue and covalent
addition of sulfobenzoate to deprotonated lysine/arginine/N-terminus).
We found that the aqueous 6 charge state was cross-linked by sulfo-EGS
from proline 19 to arginine 42 and by sulfobenzoyl-HOAT from lysine 29
to proline 19 and arginine 54 to lysine 63. However, for the 6" produced
from acidic water/methanol solution, linking sites were different.
Sulfo-EGS linked lysine 33 to arginine 72, while SBHOAT links lysine 48
to lysine 11 and arginine 54 to lysine 63. Gas phase molecular dynamics
were performed starting from the so-called A state [68], where ubiquitin
is partially folded in the N-terminal half and unfolded on the C terminus.
Clustering the MD trajectory resulted in three clusters of varying overall
size and shape. Our crosslinking results agreed most strongly with the
most compact of these three clustered structures, evidence that even
under the denaturing conditions, the lower charge states can produce
more compact structures in the gas phase, which has also been
demonstrated by CCS [68]. However, there are still significant differ-
ences between the gas-phase ubiquitin structures from electrosprayed
from pH 7 and pH 3, methanolic solutions as revealed by our cross-
linking experiments.

3.2. Effects of Solution unfolding of cytochrome C on gas-phase structure
Elucidated by ECD

Next, we decided to compare solution versus gas phase unfolding of
cytochrome C. Solutions of aqueous cytochrome C with 10 %, 5 %, and 0
% by volume acetic acid solutions teed into the infusion line at the same
flow rate as the protein were directly sampled by applying an ESI voltage
to the pulled distal end of the infusion line. We also used typical pres-
sures in the ion mobility cell and much lower pressures (see article for
details) [69] in order that the ions experience different electric field to
drift gas number density ratios (E/N). In this way we could compare
both unfolding through changing pH as well as unfolding through
collisional activation in the gas phase (i.e., CIU [70]). By increasing the
E/N, collisions occurred at higher than thermal energies, resulting in
increased ion internal temperatures [71]. We first examined these dif-
ferences by observing the arrival time distributions with the lower E/N
and higher E/N settings. At high fields, the arrival time distributions of
the 97 charge of cytochrome C were identical regardless of which acidity
of solution it was mixed with. However, using lower E/N, it was
observed that the distribution began to show the presence of more in-
termediate and extended conformers as a function of decreasing pH,
evidence that at relatively low fields some memory of the solution
structure is maintained even for partially unfolded states.

To provide higher resolution structural information, we applied ECD
following the ion mobility separation of cytochrome C 9, since the 9"
charge state was observed from all the solution conditions used.
Unfolding of cytochrome C under low pH has been shown by fluores-
cence spectroscopy to include the dissociation of the heme iron to the
distal methionine 80 residue [72]. We observed that under relatively
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low fields, there was very little fragmentation (virtually none for pH 7)
between cysteine 14, the first heme-bound cysteine, and methionine 80.
This suggested that for 0 % and 5 % acid, most solution structures likely
had these bonds intact. With 10 % acid teed into the infusion line, there
was extensive fragmentation throughout the entire sequence, indicating
that indeed the methionine 80 to iron bond was likely broken, allowing
for the liberation of ECD fragments that had been held together by the
iron to methionine 80 bond and the cysteine 14 and 17 to heme bond.
This phenomenon was much like how salt bridges reduce the amount of
ECD fragmentation observed for a native-like protein [73]. However,
when the high field was used in the mobility cell, extensive fragmen-
tation regardless of the originating solution conditions was observed. In
fact, cytochrome C 9 ions electrosprayed from pH 7.0 solutions showed
more extensive sequence coverage when passed through the mobility
cell at high E/N than was observed for the 10 % mixed acetic acid case at
low field. This evidence suggests that coulombic unfolding in the gas
phase and solution unfolding may follow different mechanisms, espe-
cially for ions with charge states higher than the lowest, most compact
states. Finally, a manuscript is in preparation detailing changes in
crosslinking, and thus structure, in solution and the gas phase for cy-
tochrome C electrosprayed from solutions stabilizing native and
partially unfolded states [74].

4. Natively unfolded proteins
4.1. Gaseous ensembles of alpha synuclein

Finally, we examined a protein that occupies many conformational
configurations in solution, the intrinsically disordered protein (IDP)
alpha synuclein (aSN). aSN forms toxic oligomers and fibrils involved in
Parkinson’s disease and other dementias [75]. Solution studies have
revealed long range interactions between the C terminus and central
non-amyloid component (NAC)/fibril core region [76]. The N terminal
region contains positively and negatively charged amino acids as well as
some hydrophilic residues, the NAC is hydrophobic, and the C terminal
region is strongly anionic. Thus, charge-charge interactions and hydro-
phobic interactions drive the ensemble of solution structures that
coexist. We used in-solution crosslinking, and with the combination of
crosslinking and molecular modeling [77], we generated an ensemble
very similar to the one measured by spin-labeled NMR [78]. We used a
combined top-down and bottom-up crosslinking method that allowed us
to place the greatest confidence in crosslinks found in both modes. We
did not want to over constrain the molecule, so we used a limited
amount of crosslinking (one crosslink per protein) in these modes.

While our in-solution values were very close to the radius of gyration
and end to end distances provided by the NMR ensemble, when solvent
is removed, charge-charge interactions are expected to be much stronger
and can possibly lead to an over compaction of the protein versus the
solution state [29,64,79]. When analyzed in positive mode, the CCS
distributions of aSN are more compact than those predicted directly
from the NMR ensemble. However, when examining the protein in
negative mode (as aSN is an overall anionic protein), the overall CCS
distribution matched much more closely to the cross sections predicted
from the NMR solution distribution. While perhaps intuitively this is not
an unexpected result, we sought to use our suite of gas-phase crosslinks
along with the solution relaxation approximation (SRA) developed by
the Bleiholder group [80] to understand what aspects of the cations in
the gas phase were very different than solution structures [77]. We
found two structural trends (Fig. 4). For a low charge state, such as the
87 charge state, the radius of gyration was much lower than predicted
from the NMR data, our crosslinking-derived ensembles, and small angle
X-ray scattering measurements [81]. The molecular descriptors of the
117 charge state, which is the dominant charge state in our distribution,
are a closer match to solution ensembles. Higher charge states show
expansion in the radius of gyration and in the N-terminus to C-terminus
distances from what would be expected for solution ensembles. Also, we
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observed a very strange structural feature for the gas-phase ensembles.
There is a subset of structures that have seemingly typical radii of gy-
ration (from about 15 to 40 /O\) but extremely small end to end distances
(below 25 A) (Fig. 4 B). This was a trend that was not observed for a
solution structures (Fig. 4C). Upon examining the gas phase structures
that were found to comply with crosslinking distances restraints (Fig. 5 B
and D), we noticed much more compacted structures including head to
tail cyclized structures, structures very much unlike what was observed
from the experimental solution crosslinking and NMR ensembles.
Although structural trends with aSN observed with solution studies can
be observed in the gas phase, such as compaction of structures (i.e.,
decrease in CCS) upon binding metals and at low pH, the actual aSN
structures themselves seem to diverge largely from the solution
ensemble.

5. Conclusions, challenges, and outlook

Our studies have reinforced the idea that ion mobility is a useful
structural method. Iteratively determining if changes in structure occur
upon new intra- or intermolecular interactions from changes in solution
states is an important task for IM/MS practitioners, especially for bio-
molecules too large or dynamic for study by “gold standard” biophysical
methods. Our studies with native-like ubiquitin and cytochrome c ions
gave direct experimental evidence that not only are gas-phase native-

A SRA +11 Clusters (No GP-XL)
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like ions compact, the backbone of these proteins themselves do not
unfold or refold on the timescales of IM/MS experiments. However, it is
best not to interpret these data as producing identical structural features
between gas phase and solution, as shown by the observations of
compaction with ion mobility and gas-phase crosslinking. Though our
crosslinking data provided evidence that gas-phase ions of ubiquitin
from denaturing solution were distinct from those from native-like
conditions, this does not mean that the unfolded structures are the
same in solution as the gas-phase. Our studies with cytochrome c solu-
tion versus gas-phase unfolding revealed that while trends occurring in
solution unfolding can be uncovered with gas-phase methods, treating
gas-phase and solution-phase unfolding as similar processes is not sup-
ported by experimental evidence. In some cases, the gas-phase struc-
tures do not reflect solution structures, found to be especially true when
proteins are ionized in the opposite polarity than their net polarity in
solution, such as was the case with the anionic protein aSN electro-
sprayed as a cation, although both the charge state distribution and ion
mobility data for aSN cations clearly reflect its disordered nature in
solution. Fortunately, many important structural discoveries do not rely
on exact matches in structure between the solution and gas phase. These
include stability studies, like CIU [70] and variable temperature elec-
trospray [82], where important information can be gleaned and minute
structural differences that are either impossible or difficult to observe
with condensed-phase methods can be readily detected. Finally, the
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analytical utility of gas-phase protein structural measurements is not
hindered by the inability to determine exact three-dimensional
structures.

Challenges for using gas-phase chemistry for structural biology
include the need for increased sequence coverage with intact protein
fragmentation, the dilution of signal into multiple channels, and the
availability of instrumentation for gas-phase chemistry. However, the
outlook is very strong, as many of these problems are actively being
solved with innovative ion traps, new fragmentation methods for intact
proteins, the ability to accumulate and store huge numbers of ions, and
the support of ion/ion chemistry by several vendors. An exciting
development is the application of ion mobility to separate fragment ions
of proteins, followed by fragmentation of the fragments to provide for
more localized label and crosslinking site identifications, using ion
mobility and first generation fragments like how LC is used to separate
tryptic peptides prior to tandem MS [83]. Recently, electron and
photon-based fragmentation methods have become available on nearly
every mass spectrometry vendor’s flagship platform [84], [-87] allowing
top-down label/crosslink site identifications to be performed in many
laboratories. Thermo, Bruker, and Waters provide ion/ion reactions
with several of their instrument platforms, and Sciex instrumentation
has been adapted for ion/ion chemistry [88-91]. Finally, Structures for
Lossless Ion Manipulations (SLIM) provide platforms for simultaneous
storage and transmission of cations and anions [92,93], the buildup of
massive ion populations to enhance sensitivity [94], and ultra-high ion
mobility resolution [95]. We hope that incorporating these technolog-
ical advances will allow this line of research to continue to provide a
greater understanding of gas-phase protein structures, helping discover
and eliminate biases created by measuring proteins in the absence of
solvent, and provide novel avenues for exploring protein-protein
complexes.
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