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Abstract

Native ion mobility-mass spectrometry (IM-MS) is a rapidly growing field for studying the
composition and structure of biomolecules and biomolecular complexes using gas-phase methods.
Typically, ions are formed in native IM-MS using gentle nanoelectrospray ionization conditions,
which in many cases can preserve condensed-phase stoichiometry. Although much evidence shows
that large-scale condensed-phase structure, such as quaternary structure and topology, can also be
preserved, it is less clear to what extent smaller-scale structure is preserved in native IM-MS. This
review surveys computational and experimental efforts aimed at characterizing compaction and
structural rearrangements of protein and protein complex ions upon transfer to the gas phase. A
brief summary of gas-phase compaction results from molecular dynamics simulations using
multiple common force fields and a wide variety of protein ions is presented and compared to
literature IM-MS data.
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1. Introduction.

Native ion mobility-mass spectrometry (IM-MS) is an exciting and rapidly growing field of
analytical chemistry with a central goal of learning about condensed-phase properties of
biomolecules and biomolecular complexes by exploiting the high sensitivity, chemical
specificity, and rapidity of gas-phase techniques [1-3]. In native IM-MS, ion shape and size
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measurements made using IMS are performed in tandem with mass and charge
measurement. Because flexible ions, such as polymers or biomolecules, of identical mass
and charge can adopt different shapes under different conditions, the IM and MS steps can
provide somewhat orthogonal information about an ion’s properties. The measurements are
not completely orthogonal in all cases, however, as an ion’s size (measured in IMS as its
collision cross section, CCS, which is akin to its orientationally-averaged “shadow’) tends to
increase with mass, albeit with different scaling laws for different classes of shapes, e.g.,
linear versus globular ions [4]. Native IM-MS almost universally uses nanoelectrospray
ionization (nESI) to transfer ions from aqueous buffer solutions into the gas phase, as the
small size of the nESI capillaries helps to avoid artefactual oligomer formation induced by
in-droplet condensation, and nESI conditions can be controlled to minimize heating and
structural changes of the complexes upon transfer into the instrument [1, 5, 6].

At the heart of native IM-MS is a long-standing question: to what extent and under what
conditions are condensed-phase properties preserved upon transfer into the gas phase [7]?
This question ranges in scope from coarse-grained properties such as native oligomeric state
and subunit stoichiometry down to atomistic properties such as the number and location of
hydrogen bonds, salt bridges, and coordination of particular functional groups. Although a
great wealth of information about condensed phase properties of biomolecules has already
been learned from native IM-MS, the answer to this question is far from complete and
remains a subject of much current research. This review aims to survey the state of the art
concerning changes in condensed-phase structure of globular proteins and protein complexes
upon transfer to the gas phase using gentle nESI conditions, focusing on experimental native
IM-MS and computational modeling approaches.

2.1 What are “native” nESI conditions?

The low-pressure gas-phase environment of a mass spectrometer (and of most IM
instrumentation used in native IM-MS) differs significantly from the aqueous condensed
phase in a number of important ways. The relative permittivity is close to 1 (some
experiments suggest a slightly higher effective relative permittivity for protein ions owing to
the polarizability of various functional groups [8]), which intrinsically increases charge-
charge and many charge-dipole interaction energies. This difference, and the absence of
solvent molecules to favorably solvate them, might be expected to drive “self-solvation” of
charged groups by interacting with nearby oppositely-charged or polar groups. With the
effects of water solvent also absent in the gas phase, one might anticipate that gas-phase
biomolecular ion structure would differ strongly from condensed-phase structure, with self-
solvation driving large-scale rearrangement or even “inversion” of condensed-phase
structure [7].

How, then, can structures resembling those in the condensed phase be preserved upon
ionization and transfer to the gas phase? While small- or even large-scale rearrangements
may be thermodynamically favorable, energy barriers for these rearrangements can be
intrinsically quite high and may increase further relative to analogous condensed-phase
rearrangements due to the absence of solvent and the low relative permittivity of the gas-
phase environment. Because high barriers typically require high activation energy or long
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timescales to overcome, structures resembling those in the condensed phase can become
kinetically trapped upon transfer to the gas phase on the millisecond timescale of native IM-
MS experiments (see Figure 1) [9-11]. Gas-phase techniques that probe detailed ion
structure, including infrared photodissociation spectroscopy [12], indicate that “memory” of
solution-phase structure, such as charge sites in small dibasic organic ions [13], can
sometimes be preserved in the gas phase under suitably gentle ionization and transfer
conditions. Deliberate heating of biomolecular ions in the gas phase via energetic collisions
with background gas, by contrast, can cause extensive unfolding driven by electrostatic
repulsion of charge sites (“Collision Induced Unfolding”, CIU) [14, 15], which has been
used to infer structural information about proteins and protein complexes [14].

Native IM-MS instrumentation offers a number of observables that can be measured to
assess whether ions have likely retained native-like structures. Much evidence indicates that
globular biomolecules typically adopt a gas-phase charge just below the “Rayleigh limit”
charge for an aqueous droplet with the same volume as the biomolecule [4, 16]. The
“Charged Residue Model” (CRM) states that charges originally at the surface of this end-
stage droplet are then deposited onto the protein, determining its charge state distribution
[17, 18], which is relatively low and narrow as compared to denatured or intrinsically
disordered protein ions [19]. Conversely, several authors have shown a correlation between
observed charge states of protein ions in native MS and the solvent-accessible surface area
of their condensed-phase structures [4, 16]. Similarly, experimental CCS for globular protein
ions typically scales as roughly the two-thirds power of mass, as expected for roughly
spherical objects of similar density (see Figure 2) [4, 20, 21].

In the remainder of this review, we focus on the use of computational simulations and IM-
MS data to understand the degree of compaction and structural rearrangement undergone by
native-like, globular protein ions upon transfer to the gas phase from solution.

2.2 What happens to folded protein ions upon transfer to the gas phase?

As described above, charging slightly below the Rayleigh limit is typically observed for
many globular protein and protein complexes upon native nESI, but CCSs measured by IM-
MS are often smaller than those predicted using condensed-phase structures drawn from x-
ray crystallography or NMR experiments or from condensed-phase MD simulations [19].
This difference in the CCS predicted for condensed-phase structures versus experimental
native IMMS values varies from ~0-20% for globular proteins and protein complexes
ranging in mass from 2.8 kDa (melittin) to 336 kDa (glutamate dehydrogenase hexamer)
(see Figure 3). This gas-phase compaction effect has long been attributed to “self-solvation”
of charged and polar sidechains at the surface of the ion [9, 22,23]. IM-MS studies of
polyalanine peptide ions indicate that self-solvation of the N-terminal charge on protonated
ions of these peptides results in destruction of most a-helical content, illustrating the
dramatic effects of self-solvation possible in the gas phase [24].

Simulations of gas-phase compaction of globular protein and protein complex ions have
been undertaken through a variety of molecular dynamics (MD) approaches and with a
range of force fields (FF) [10, 23-50]. These approaches, along with examples from the
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literature, are summarized in Table 1. A recent review by Konermann discusses other MD
simulation parameters and their impact on results [51]. With simulated structures in hand,
ion CCSs in the relevant IM-MS buffer gas can be predicted using a variety of computational
tools with tradeoffs in physical realism and computational expense. Reference [52] provides
an overview of these CCS calculation tools, including their advantages and disadvantages,
and the most common widely-used tools are summarized in Table 2.

A number of FFs have been developed for widespread use in both condensed-phase and
vacuum MD simulations. These include the AMBER, OPLS-AA, CHARMM, and
GROMOS FF families, which are optimized to reproduce experimental thermodynamics or
results from quantum mechanical computations on small prototypical molecules (see Table
1) [53, 54]. Because MD is by nature only an approximation of quantum mechanics, each FF
has unique tradeoffs in physical realism and computational efficiency. For example, the
AMBER and CHARMM FF families use partial charges based on gas-phase electrostatics
and aqueous solvation energies computed with quantum mechanics, respectively, but both of
these FFs are known to have bias toward high helical content in condensed-phase protein
simulations [54]. GROMOS and OPLS-AA are optimized to reproduce experimental liquid
vaporization and density data but have a known bias toward high p-sheet content (GROMOS
more so than OPLSAA) [54]. Reference [55] compares results from ten different FFs for
solution-phase MD simulations of peptides.

MD simulations vary in physical realism and accuracy. However, nearly universally, these
simulations predict compaction of globular protein and protein complex ions, in qualitative
agreement with native IM-MS experiments. Few studies to date have directly compared
results from multiple FFs for the same ions [30, 34, 39] or over multiple different ions [35,
36], thus we present an overview of some important case studies.

2.2.1 Ubiquitin.

Ubiquitin (8.6 kDa) has long been a “fruit fly” of native IM-MS research, as it is a typical
small, globular protein with known condensed-phase native structure [56, 57] and solution-
phase unfolding behavior [58]. Studies comparing ubiquitin ion structure predicted with MD
simulations to native IM-MS experiments illustrate the power of using MD simulations to
interpret experimental data while also providing important caveats [29, 31, 39]. Chen and
Russell studied temperature-dependent unfolding of ubiquitin ions in water (to simulate
heating inside the nESI droplet) and in vacuum using an AMBER FF, comparing the MD
results to IM-MS data from Clemmer [59] and Bowers [60]. Aqueous ubiquitiné* ions were
found to retain structures similar to the starting crystal structure up to ~375 K in simulations,
with extensive unfolding at higher temperatures that resulted in loss of most helical content.
By contrast, ubiquitin6* ions in vacuum MD compacted to a small degree (~3%, with a CCS
of ~950 A2) with accompanying loss of secondary structure, but significant unfolding was
not observed for temperatures below 600 K. Above 600 K, a large number of energetically-
competitive structures were predicted, with a correspondingly wide spread in CCSs [29].

Structural effects of non-volatile salts on compaction and unfolding of ubiquitin have also
been investigated with MD and experiment. Starting with folded structures embedded in
aqueous nanodrops containing 16 sodium ions, McAllister et al. used a CHARMM FF to
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simulate charging and desiccation of ubiquitiné* (with sodium ion adducts as the source of
charge rather than protons) [44]. Both the final charge of the protein and the predicted CCS
were found to agree with experimentally measured values, within uncertainty, and were
found to be consistent with the CRM and kinetic trapping of native-like structure. Further
CHARMM simulations by Bartman et al. indicate that common biological metal ion adducts
(such as Na* and Ca2*) can form multidentate interactions with polar groups in ubiquitin®*
that make it resistant to gas-phase unfolding [61], a result echoed by a report from Wagner et
al. that chloride anion adducts can have a similar effect [62]. Bartman et al. caution that the
MD-predicted structures for activated, metal-adducted ubiquitin6* have structures bearing
little resemblance to the crystal structure, despite similar calculated and experimental CCSs
[61].

Radical-Directed Dissociation experiments by Ly and Julian on ubiquitin ions formed from
denaturing solutions were used to provide experimentally measured distance constraints for
MD simulations of ion structure [38]. Intriguingly, they found that constrained ubiquitin 4+
and 6+ charge states adopted structures in OPLS-AA MD simulations that differ
significantly from the crystal structure and from unconstrained simulated structures, even
though they possess CCSs within the range of those measured experimentally. These results
provide an important additional caveat to interpreting MD-simulated structures with CCSs
consistent with experimental values as definitive evidence that MD structures do in fact
represent the experimental ion population, even when they are compact.

2.2.2 Cytochrome c.

Cytochrome ¢ (12 kDa), which contains a covalently-bound heme group, is another “fruit
fly” of IM-MS and has served as a benchmark for gas-phase MD simulations of relevance to
native IM-MS [9, 10, 41, 48]. Steinberg et al. performed MD simulations of solvent
evaporation from and gas-phase collapse of native cytochrome ¢[10, 48], building off of
earlier CHARMM MD and IM-MS work by Jarrold [41]. Using the MOIL FF (a hybrid of
AMBER and OPLS FFs), Steinberg et al. found that cytochrome 8+, starting with its
aqueous NMR structure and surrounded by 182 water molecules cools rapidly via loss of
some, but not all, water molecules over a period of ~100 ps [48]. Little significant change in
the structure of the protein was observed in any case, and the authors concluded that
evaporative cooling prevents complete desolvation or restructuring of the ion in the absence
of collisions or absorption of blackbody radiation on the picosecond timescale. A subsequent
constant-energy MOIL FF study, starting with a completely desolvated cytochrome ¢’* ion,
predicted a number of structural changes [10]. Charged sidechains were observed to self-
solvate within 0-20 ps, and the typical number of salt bridges (SBs) was found to increase
over ~10 ps from 6 to 17.2. The average number of hydrogen bonds (HBs) involving
positively-charged sidechains increased dramatically from 0 to 11.7 on a similar timescale,
but the number of HBs involving negatively-charged sidechains increased only slightly from
5 to 6.3. Charged sidechains moved to decrease the net dipole by ~1/3 during the first 10 ps.
No significant breaking of non-covalent bonds was observed during the 4.2 ns simulations,
and thus the final structure possessed a similar backbone conformation to the aqueous NMR
structure. The MD-predicted integrity of the folded structure was found consistent with
experimental native electron capture dissociation experiments [10].
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Fascinating IM-MS experiments by Warnke et al., in which charged lysine sidechains of
cytochrome ¢ were capped with large crown ether ligands during the nESI process, indicate
that self-solvation of charged sidechains in ordinary native IM-MS may actually prevent
some collapse of ion structure [22]. Native charge states of cytochrome ¢’~8* adopted
successively lower CCSs as the number of adducted crown ethers increased from 1 to 5,
despite the large size of the ligands. The authors interpreted these results to mean that, in the
absence of self-solvation of charged surface residues by polar groups on the protein, the
interior of the ion collapses significantly on transfer to the gas phase.

2.2.3 Retention and loss of condensed-phase structure in peptides and small proteins.

Melittin (2.8 kDa) is a 26-amino acid membrane protein from bee venom, with a condensed-
phase structure consisting of two a-helices joined by a proline “kink” [26]. This structure is
known to be more stable in less polar condensed-phase environments (e.g., methanol [63] or
lipid membranes [64]) than in water. Contrasting with results for singly protonated
polyalanine peptides with 3-20 amino acids [24] and for Trp-cagel* (2.2 kDa) [40],
melittin3* formed from acidified 1:1water:methanol was found with a combination of mass-
analyzed ion kinetic energy (MIKE) experiments and CHARMM FF MD to retain its helical
structure in the gas phase [23]. The authors attributed the retention of structure to the “highly
oriented network of hydrogen bonds along the polypeptide backbone” and noted that, with
no water surrounding the ions to compete with self-solvation, the intrinsic H-bond network
is left undisturbed. Florance et al. performed AMBER FF MD simulated annealing
computations between 0 and 800 K to identify structure families consistent with IM-MS data
for melittin3-4* formed by nESI from aqueous solutions containing 0-100% methanol [26].
Computed CCSs correlated with the number (1-3) of a-helical regions in the simulated
structures. The MD results supported assignment of a range of partially helical structures to
the ions, and the authors noted that there was “slight evidence for solvent memory,” with
more helical structures being formed in higher-fraction methanol solutions.

Further support for retention of native-like folds in small, globular native protein ions comes
from infrared multiple-photon dissociation spectroscopy results for gas-phase myoglobin
(16.7 kDa) and B-lactoglobulin (18 kDa) ions. Seo et al. report that myoglobin8* and -
lactoglobulin®* ions retain their highly a-helix- and p-sheet-rich structures, respectively,
upon nESI [65]. Driven by repulsion between positively-charged sidechains, p-lactoglobulin
ions with higher charge states adopt progressively greater a-helix content. Such studies are
expected in the future to provide important targets for MD simulations and assist in
interpretation of IM-MS data.

2.2.4 Protein complexes.

Larger proteins and protein complexes, which contain many more degrees of freedom than
peptides and small proteins, can be considerably more computationally expensive to
simulate with MD and often intractable with high-level QM computations. Ruotolo et al.
demonstrated a simple coarse-grained approach to study gas-phase collapse of f7p RNA-
binding attenuation protein (TRAP) 11-mer assemblies (~90 kDa), in which each protein in
the assembly is treated as a sphere [66]. Their simulations indicated that lower native charge
states of the assemblies have experimental CCSs consistent with retention of planar ring
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structures, but higher native charge states collapse ~14% to close-packed, roughly spherical
assemblies, with some evidence for additional partially compacted structures. These results
illustrate the sensitivity with which native IM-MS can be used to study large-scale gas-phase
structural rearrangement, even with simple computational models.

OPLS-AA FF MD simulations in combination with native IM-MS experiments by Hall et al.
further examined desolvation-induced compaction as well as gas-phase collision-induced
compaction of serum amyloid P component pentamer (SAP, 125 kDa), avidin tetramer (64
kDa), transthyretin tetramer (TTR, 56 kDa), and TRAP 11-mer [35]. Under minimal
activation conditions, SAP18-30* assemblies were found to have experimental CCSs slightly
larger (~70 nm?2) than those computed for 300 K 18+ ions with native-like ring structures
(~68 nm2). Low charge states were predicted by MD to collapse up to ~7% by elimination of
the ring’s central cavity upon heating by several hundred K, qualitatively consistent with
observed ~10% compaction of these charge states upon collisional activation in IM-MS
experiments.

Friemann et al. studied changes in detergent micelle-embedded transmembrane protein -
barrel regions using a GROMOS FF and found that the micelle shields the transmembrane
region from structural collapse upon transfer to vacuum [67]. By contrast, hairpin loops
extending outside the micelle were found to collapse. They concluded that membrane
proteins embedded in micelles are “not very sensitive to the vacuum environment,” a
property that may prove highly beneficial in studying their condensed-phase structures using
gas-phase measurements. The Robinson group has explored lipid binding to native
membrane protein complexes embedded in detergent micelles and “Nanodisc” lipid bilayers
and compared them to MD simulations to identify lipid binding preferences [68-70]. In their
experiments, all but a few lipids are stripped from the native protein ions to reveal those that
closely associate with the protein. The remarkable agreement between simulated and
experimentally determined lipid binding preferences, which have been extended to
quantitative measurements of lipid binding thermodynamics by the Laganowsky group [71-
73], provides indirect evidence that tightly bound lipids do not move significantly during
nESI or the gas-phase stripping process.

2.2.5 Explicit modeling of nESI droplet evaporation and ion charging process.

During the last decade or so, efforts to accurately simulate desiccation of biomolecules
within ESI droplets and concomitant acquisition of charge have been undertaken by several
groups [36, 37, 44, 45, 51, 67, 74-77]. In addition to the aforementioned simulations by
Steinberg et al. [48], the Konermann and Consta groups have applied MD simulations to
charged droplets containing biomolecules to learn about ionization mechanisms, ion
compaction upon desiccation, and heating-induced unfolding and dissociation. These
computations can be especially sensitive to choice of water model, treatment of
electrostatics, temperature control, and simulation length, among other user-determined
variables [51]. These simulations provide insight into native charge distributions of proteins
and protein complexes produced by nESI [44], droplet evaporation dynamics [75-77], as
well as the role of charge hopping and charge-charge repulsion in both the ionization and
collision-induced dissociation processes [36].
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3.1 Comparison of MD results with different force fields for ion
compaction upon transfer to vacuum.

As discussed above, electrostatics, hydrogen bonding, and other local molecular properties
and interactions can play cooperative or competitive roles in determining both solution and
gas-phase structure for proteins and protein ions. Because MD FFs differ in their treatment
of these properties and interactions [53], different FFs may in principle lead to different
conclusions about both local and global protein ion structure even if computed CCSs are
similar. Despite the wealth of information about gas-phase native-like protein ions gained
from the comparison of MD and experimental IM-MS results discussed above, results from
different FFs have only rarely been compared for the same ions, and typically only for one
or perhaps a small number of separate proteins. One advantage of comparing results from
different FFs is that biases of specific FFs as well as commonalities can be identified. To
contribute to this discussion, we present here a brief comparison of vacuum MD ion
compaction results for 5 different common FFs (AMBER94 [78], OPLS-AA/L [79],
CHARMMZ27 [80, 81], GROMOS96 43a2 [82], and GROMOS96 54b7 [83]) and 17
different natively-charged proteins with well-characterized experimental CCSs in helium and
nitrogen that serve as calibration standards for native IM-MS experiments [84, 85].

3.1.1 MD simulation method.

Initial structure for all 17 proteins were taken from the Protein Data Bank (PDB) structures
indicated in Figure 4A, with any missing residues appended using PyMol. All MD
simulations were conducted with GROMACS v. 2016.4. After a brief (1 ns) relaxation of
any added residues in explicit water solvent, all water molecules were deleted, and low-
energy protomers for these structures with native charge states were identified using the
Charge Placement algorithm in Collidoscope, leaving SB structures from the MD
simulations intact [86]. Subsequent fixed-charge-site vacuum MD simulations for the
protonated ions consisted of a short vacuum relaxation step followed by a 5 ns production
run at 300 K with a Berendsen thermostat. CCSs for typical final structures were computed
using He or N, buffer gas in Collidoscope with the Trajectory Method. Variations of this
procedure were conducted for alcohol dehydrogenase tetramer to assess the sensitivity of the
results to vacuum simulation length (5, 50, and 500 ns) and velocity seeding, and
GROMOS96 43a2 heat ramp studies (from 300 to 600 K in 25 K increments every 5 ns)
were conducted for melittin, insulin monomer, and ubiquitin. These variant methods were
found to result in only minor differences (typically no more than ~1%) in computed CCSs
from the above-described method, with the exception of the heat ramp studies, which
predicted up to 4% variability of the CCS between 300 and 600 K.

3.1.2 Maximal degree of compaction predicted from MD simulations.

All five FFs tested produced structures that were on average compacted relative to the PDB
structures, as measured by computed CCS. The GROMOS FFs resulted in the greatest
global compaction relative to the PDB structures (up to 20%), whereas the other three force
fields compacted ions only up to 9-10% (see Table 3). To provide a coarse-grained picture
of ion compaction, ion “surface” was defined as the set of all residues with at least 30%
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water solvent accessibility as determined with SwissPDBViewer, and the remainder of the
ion was defined as the “interior”. At the global structural level, all five FFs compacted the
ion surface relative to the PDB structure, resulting in a smaller number of surface residues
and a larger number of polar contacts involving charged residues initially at the surface.
However, there were notable differences in the degree to which the interior of the ions were
compacted by each FF (see Table 3 and Figure 4), as determined by using the computed
CCS of the interior as a measure of its size. Thus, differences in global compaction for the
five FFs were largely attributed to the extent of compaction of the interior of the ions.

3.1.3 Changes in secondary structure and number of hydrogen bonds and salt bridges.

All five FFs resulted in minor loss of a-helical content (up to 7% for OPLS-AA/L) and very
minor loss of B-sheet content (up to 2% for AMBER94). These results were largely
consistent with known tendencies of these FFs (see above) [54]. Using Marklund’s
algorithm for determining the “maximum possible” number of hydrogen bonds for each ion
(NHBmax) [87] and PyMol to determine the number of hydrogen bonds actually present in
each structure (NHB), NHB/NHB,x Was found on the whole to increase for each FF in
vacuum, with the greatest increase for the GROMOS FFs. By contrast, the change in the
number of SBs (determined using PyMol) increased among the five FFs but exhibited no
clear dependence on mass.

3.1.4 Collapse of cavities and grooves.

Many of the proteins and protein complexes studied here possess sizeable cavities or
grooves in their condensed-phase structures. The largest cavities (~25 A in diameter) were
not completely collapsed at the end of the simulations by any of the FFs, whereas all FFs
resulted in collapse of small cavities and grooves with diameters ranging from ~5-12 A. For
cavities and grooves with diameters in between these extremes (in p-lactoglobulin dimer and
concanavalin A tetramer), significant differences were observed between the FFs. The
GROMOS FFs collapsed these intermediate-sized cavities, whereas CHARMM27 collapsed
neither, and AMBER94 and OPLS-AA/L completely collapsed only one of the two cavities.
Taken together with the results described above, this assessment of gas-phase collapse leads
to the schematic depiction of compaction represented in Figure 4C for the ions investigated
with these five FFs.

3.1.5 Comparison of MD results to native IM-MS CCS data.

A comparison of average differences in computed and experimental CCSs in both He and N
buffer gas is shown in Figure 4B. Both GROMOS FFs outperformed the others in these
simple simulations in reproducing experimental CCSs in both buffer gases. As seen in
Figure 4B, the average difference in CCSs between simulated structures and experiment was
0 + 4% and -4 + 3% for GROMOS96 43a2 in N, and He buffer gas, respectively. Results
from GROMOS96 54b7 were slightly better for He buffer gas (2 + 4%), especially for ions
below ~36 kDa in mass. The other three FFs (AMBER94, OPLS-AA/L, and CHARMM27)
resulted in less average compaction, with the average difference between simulation and
experiment being more than one standard deviation away from 0 (see Figure 4B). These
trends were confirmed by MD simulation of three additional native-like membrane protein
complex ions (multi-antimicrobial extrusion protein, 50 kDa; aquaporin Z tetramer, 99 kDa;
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and ammonia channel B trimer, 127 kDa) [88], which have an average He CCS difference of
0 + 4% between simulation and experiment using GROMOS96 43a2 and somewhat higher
differences for the other FFs. Based on the results from this simple and relatively low-
expense computational method, we recommend use of GROMOS96 43a2 for similar
simulations to predict experimental CCSs in Ny or He buffer gas. We anticipate that slight
reparametrization of He Lennard-Jones parameters in Collidoscope (and other CCS
calculation programs that use the same parameters, including MOBCAL [89]) based on
these results may further improve accuracy of He CCS prediction in native IM-MS [86].

4. Summary and Outlook.

As the above survey of the literature shows, the last two decades of research into the
structure of biomolecular ions upon transfer from solution into the gas phase indicates that
many ions can retain native-like structure, including secondary structure, upon native ngSl
through the timescale of IM-MS experiments. Although important exceptions, especially for
smaller ions such as peptides, indicate that conversion to more stable gas-phase structures
with accompanying loss of native-like structure can sometimes occur, the vast majority of
results are very promising for native IM-MS work aimed at inferring solution-phase
structure from gas-phase data. Both IM-MS data and MD simulations using a variety of FFs
indicate that native-like ions compact by several percent upon desiccation and self-solvation
of charge sites, although detailed results can be discrepant between FFs. This highlights the
need for comparison between FFs in MD simulations, and we hope that the example given in
section 3 of this review illustrates a path forward for more reliable interpretation of IM-MS
data by use of MD simulation results.

Very recent advances in interpretation of IM-MS data, including simulation of entire
experimental CCS distributions [90], are likely to provide a more complete, holistic picture
of ion structure by simultaneously matching large sets of data for individual ions rather than
single CCS values. Combining these approaches with structural “fingerprinting” via
collision-induced unfolding [14] as well as with H/D exchange experiments [50], novel
dissociation methods [91], ion spectroscopy [12, 92], and other experimental methods
should provide yet more structural constraints for MD simulations. The recent inclusion of
nanoscale water droplet environments [45, 75] and mobile charges [36] in MD simulations
represents a step forward in realism, and more accurate parametrization of water models for
nanoscale droplets is expected to provide unparalleled insight into native ion compaction
and structure.
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Highlights.
. Molecular dynamics simulations provide insight into ion desolvation and
collapse
. Self-solvation of charged sidechains drives ion surface collapse
. Much condensed-phase structure can be preserved up to microsecond
timescale
. Common molecular dynamics force fields predict different degrees of

compaction of ion interior and perform differently as compared to
experimental IM-MS data
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(A-D) Depiction of charging and self-solvation of charge sites (+ and — symbols) for
globular protein ions during evaporation of the nanoelectrospray droplet on the nanosecond
to picosecond timescale and (E-G) subsequent structural rearrangement and unfolding at
longer timescales. Figure copyright 2008 National Academy of the Sciences, reproduced
with permission from the National Academy of the Sciences.

Trends Analyt Chem. Author manuscript; available in PMC 2020 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Rolland and Prell

Page 19

e tow | wedumign | tow | tow

Average z Low Low Low Low High

a4  Decreasing content of stable three-dimensional structure »

miz
o — (e e >—e

Coliision Cross Section Collision Cross Section Collision Cross Section Collision Cross Section Collision Cross Section

ACCS Low High High Low High

b=

Average Charge

y=0.0141x"7% ] 1=0.9024x-5.9013
R2_0 9507 D R*=0.9386

)
o E)
2 9
&) =0.7045x-4.1902
g R*=0.9910
s
2
3=0.0307x""% L 21
R*=0.9930 =
T T T T T T T T Ll T T T T 1 l ', T T g T v T v 1
0 10 20 30 40 50 60 70 7 8 9 10 11 12
Mass (kDa) In (Surface Area, A2)

Figure 2.
(A) Schematic illustration of condensed-phase protein structure types and (B) typical charge

state and CCS distributions in IM-MS experiments. (C) Average charge states for protein
ions formed under non-denaturing (native) conditions (open triangles) and denaturing
conditions (all other symbols) as a function of mass and (D) relationships between average
charge state and condensed-phase surface area for the same ions. A, B reprinted from
Current Opinion in Chemical Biology, v. 42, D. Stuchfield and P. Barran, “Unique insights
into intrinsically disordered proteins provided by ion mobility mass spectrometry,” pp. 177—
185, copyright 2018, with permission from Elsevier. C, D reprinted with permission from
Analytical Chemistry, v. 83, L. Testa, S. Brocca, and R. Grandori, “Charge-Surface
Correlation in Electrospray lonization of Folded and Unfolded Proteins,” pp. 6459-6463,
copyright 2011 American Chemical Society.

Trends Analyt Chem. Author manuscript; available in PMC 2020 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Rolland and Prell

% Compaction in CCS
([Experiment — Condensed-Phase] /

Page 20

] o

0-

o8

i " @ Nitrogen

41 e ® Helium
E 1. :
D.‘ : e o
T -10-{ @ .
3 .
% -

7 ()
2 4] S : 9
o]
O i ®

a [

-20] I
_I I I I 1 I I I 1 T I I I T T I T I T T I I T I I T I 1 I T I 1
0 50 100 150 200 250 300
Mass (kDa)

Figure 3.

Plot of fractional compaction of protein and protein complex ions produced by nESI under
native conditions measured by IM-MS in He or N5 buffer gas as compared to CCSs for
condensed-phase structures computed using Collidoscope [86]. Experimental CCSs from
ref. [84] and [85]. Protein Data Bank identifiers for all protein structures are listed in Figure
4,
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(A) Structures of protein and protein complex ions from Fig. 3 before (green mesh) and after
(blue solid) MD simulation of gas-phase compaction using GROMOS96 43a2 FF (see text).
Protonated ions simulated (with Protein Data Bank identifiers indicated below structures) are
melittin®* (2MLT), insulin3* (3E7Y), ubiquitin® (1UBQ), insulin dimer>* (5BTS),
cytochrome ¢’* (1HRC), B-lactoglobulin monomer”* (3BLG), insulin hexamerl9* (4EY9),
transthyretin tetramer®* (1F41), avidin tetramer6* (1AVE), bovine serum

albuminl5* (4F5S), concanavalin A tetramer?* (3CNA), serum amyloid P component
pentamer24* (1SAC), alcohol dehydrogenase tetramer?4* (4W6Z), pyruvate kinase
tetramer32* (1F3W), serum amyloid P component decamer33* (2A3W), glutamate
dehydrogenase hexamer40* (3JCZ). (B) Plot of average percent difference between
experimental CCS data from ref. [84] and [85] and CCSs computed for MD-compacted ions
shown in A using Collidoscope for each of the 5 FFs tested (see text). (C) Schematic
depiction of typical degree of surface (red) and interior (dark blue) compaction predicted by
MD simulations using 5 different FFs for ions represented in A and B. Embedded circles
represent the typical size (small: 5-12 A diameter, medium: 12-25 A, and large: > 25 A) of
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cavities in the ions that are fully eliminated (dark blue), sometimes eliminated (light blue),
or not eliminated (white) during the MD simulations.
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Table 1.

Overview of Types of Theory Used to Simulate Gas-Phase Protein lons.

Page 23

Type of Theory Important Features References
“Beads on a String” Coarse-grained; amino acids represented as beads with no explicit [20, 93]
accounting for atomistic structure
Molecular Dynamics ~ AMBER Atomistic; partial charges based on gas-phase electrostatics computed [25-34, 39]
with QM
OPLS Atomistic (united-atom also available); partial charges empirically [30, 34-40, 63]
optimized to experimental liquid vaporization and density data
CHARMM  Atomistic (united-atom also available); polarizable variants available; [23,24,36,39,41-46, 68]
partial charges based on small-molecule-water interactions computed
using QM
GROMOS United-atom; solvated and vacuum variants available; partial charges [30, 34, 47, 67, 69], this
based on experimental vaporization, density, and solvation free energy article
data
MOIL Atomistic; based on AMBER and OPLS [10,30,34,47,48, 67]
Martini Coarse-grained; parametrized based on experimental thermodynamics, [49, 69]
including lipid bilayer properties
ESFF Atomistic; partial charges derived from ab initio computation of [50]
electronegativity and hardness
Quantum Mechanics Atomistic; rigorous accounting of polarization, hydrogen-bonding, and [34, 92, 94]
electron density; extremely computationally demanding for large
biomolecules
Quantum Mechanics/ Multi-scale; Dynamics and conformational space explored with MD; [25]

Molecular Mechanics
(QM/MM)

local details (such as atomic coordinates, hydrogen bonding, electron
density of a small region) computed with QM
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