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ABSTRACT: Ion mobility spectrometry—mass spectrometry
methods offer the potential to correlate protein tertiary and
quaternary structures to variations in their amino acid sequences
and post-translational modifications. Because ion mobility
spectrometry measures cross sections of ions in the gas phase,
however, the structure of protein systems detected by ion mobility
spectrometry will generally differ from their native solution
structures. While it is now established that ion mobility
spectrometry does not typically detect equilibrium gas-phase
structures of protein systems, what remains disputed is which
aspects, if any, of the detected ions resemble the native state
present in solution. Here, we develop the structure relaxation

structure of the protein ubiquitin

£

predicted by the SRA for
ion mobility spectrometry
(gas phase)

NMR spectroscopy
(solution)

approximation (SRA) method to predict charge-state specific ion mobility spectra from an ensemble of solution structures. This
allows us to predict the “global” trends observed in the experiments for various experimental conditions and charge states,
thereby enabling detailed structure elucidation. The SRA predicts (RMSD to experiment ~4%) that even the small protein
ubiquitin largely retains its native inter-residue contacts with an intact hydrophobic core when studied by “soft” ion mobility
measurements. Because collisional activation is increasingly inefficient with increasing numbers of internal degrees of freedom,
the SRA suggests that it is all the more likely that ion mobility spectrometry retains essentially the native state for protein

systems larger than ubiquitin.

B INTRODUCTION

The function of proteins and their assemblies is directly related
to the structures they adopt and to the motions by which they
interconvert."”” This structure—function relationship takes on
increased complexity because differentially modified variants of
the same protein (proteoforms) frequently coexist.” While
proteoforms originate from the same gene, they differ in their
amino acid sequences and/or post-translational modifications
and often exhibit divergent biological activity." Hence, it is
imperative to identify how individual proteoforms differ in their
tertiary and quaternary structures.

Ion mobility spectrometry—mass spectrometry methods™®
offer the potential to address this question. Tandem-mass
spectrometry can reveal (partial) amino acid sequences of
proteoforms”® as well as the identity and location of post-
translational modifications.”'® Coupling with ion mobility
spectrometry allows the analyst to characterize their structures
by momentum transfer cross sections.”"'~** Collision-induced
unfolding ion mobility experiments'"">"
cross sections change as the protein ions unfold in the gas phase
due to vibrational activation. Such measurements provide
additional information about the protein structure by character-
izing energy barriers associated with the unfolding process.'>"”
Used in combination, these ion mobility spectrometry-mass

measure how ion

-4 ACS Publications  ©2019 American Chemical Society

2756

spectrometry approaches offer the potential to correlate protein
tertiary and quaternary structures to variations in their amino
acid sequences and post-translational modifications.'® Partic-
ularly promising appear tandem-ion mobility methods'*’ that
could perform these measurements for a specific, ion mobility-
selected conformation of a proteoform.

Despite these promises, however, it remains unclear how
useful ion mobility data are to investigate biological problems.
Ion mobility spectrometry determines the cross section of an ion
from measuring the velocity it acquires when traversing a gas-
filled chamber under the influence of an electric field.”' ~** Tons
that differ in size and shape acquire different velocities because
they experience different resistances as they migrate and collide
with the gas particles. Ion mobility spectrometry thus measures
cross sections of desolvated protein ions in the gas phase. The
gas phase, however, is a hydrophobic environment whereas the
native state of a protein is determined in a complex environment,
but in particular through interactions with hydrophilic water
molecules or ions.**** Consequently, the equilibrium structure
of a protein in the gas phase may bear little resemblance to the
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natively folded protein structure, potentially by turning “inside-
out”®*” or by unfolding into extended (a-helical) struc-
tures.”* % This view suggests that ion mobility measurements
may not reflect the behavior of the protein’s native state,
disconnecting the measurement from the biological problem of
interest.

Thus, the key question is, How closely do the structures of the
desolvated protein ions detected in an ion mobility measure-
ment correspond to the biologically active native state?

There is clear-cut experimental evidence that ion mobility
measurements do not detect gas-phase equilibrium structures of
protein systems when conducted under “soft” operating
conditions where ions do not experience energizing collisions
with gas particles.”’ Even for small proteins like cytochrome C or
ubiquitin, time-resolved ion mobility measurements suggest gas-
phase isomerization times on the order of up to several seconds
for low charge states.””*” Solvent conditions were also found to
strongly influence ion mobility spectra.’’** Furthermore,
charge-reduction®*® and collisional-unfolding®” experiments
exhibit a marked “hysteresis” in the sense that protein ions
detected from native solution conditions are significantly more
compact than their isomers produced from refolding in the gas
phase. These experiments, to mention just a few, demonstrate
that protein ions are metastable and do not typically reach their
equilibrium gas-phase structure within the time scale of “soft”
ion mobility experiments.”’ Hence, protein systems are detected
as their structures are in the process of transitioning from the
solution into the gas-phase equilibrium structure and the
principle of ergodicity does not apply (Figure 1A). These
considerations suggest that ion mobility spectrometry provides
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Figure 1. (A) Structures of protein ions detected by “soft” ion mobility
spectrometry are in the process of transitioning from the solution to the
gas-phase equilibrium structures. These are thus nonergodic experi-
ments. (B) Different protein structures may have the same cross
section. Therefore, similarity in cross sections is a necessary but not a
sufficient criterion for similarity in structures.
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biologically relevant information for those aspects of the native
state that are retained within the time scale of the measurement.

What these experiments do not reveal, however, is what
aspects of the native state, if any, are retained in ion mobility
measurements. To address this question, one has to interpret the
ion mobility data in terms of the protein structure. The accepted
approach is to calculate cross sections for candidate model
structures and then assign a structure that matches the
experimental cross section. This approach of matching singular
cross section values was applied with great success to carbon’®
and silicon™ clusters, and small gas-phase systems'”*' that
adopt a limited set of conformations. Nonetheless, even for
protein systems, it is frequently observed that cross sections
predicted for their NMR or X-ray structures agree closely with
cross sections measured for low protein charge states.’”**** In
fact, such consistencies between ion mobility data and X-ray and
NMR structures embody the main argument to support that ion
mobility measurements detect the (native) solution structure
even for the small protein ubiquitin.”" But is consistency in cross
section a sufficient criterion for similarity in structures?

The answer is clearly that it is not, because different protein
structures may have the same cross section. Let us bear in mind
that a cross section is a two-dimensional “effective” area of an

ion** and that a protein with n residues can adopt on the order of

3*" backbone conformations.*’ Because many of these (three-
dimensional) conformations have the same (two-dimensional)
cross section, it is possible to assign a plethora of different
structures to a measured cross section value, even for proteins as
small as ubiquitin (Figure 1B). Furthermore, because side chain
orientations considerably influence the cross section of a protein
structure, it is also possible to assign the “native” backbone
conformation to a wide range of measured cross sections—in
the case of ubiquitin, from ~1180 to ~1350 A* (Figure 1B).
Indeed, if similarity in cross sections were a sufficient criterion to
infer similarity in structures, then it would follow from charge-
reduction experiments’” that ubiquitin charge states 3+ and 4+
refold into their native solution structures in the absence of
solvent.

Considering these ambiguities of interpreting cross sections,
can ion mobility actually be used to infer structural details of
ions? Experimental evidence on carbon clusters®**® and peptide
assemblies'>*” shows that detailed structural assignments from
ion mobility data are indeed possible. For example, we
concluded from ion mobility data alone that the hexapeptide
VEALYL forms f-sheet assemblies starting from the dimer,"”
which was later confirmed by ion spectroscopy.

These ion mobility studies, however, refrain from interpreting
individual cross sections and also refrain from selecting model
structures by matching computed and experimental cross
sections. By contrast, these studies assign structures from
comparing the overall trends that emerge from the entirety of the
experimental cross sections (ie., charge states, assembly states,
etc.) to the overall trends predicted for structural families. This
suggests that globally comparing experimental and predicted ion
mobility spectra could represent a general approach to assigning
detailed structures to ions detected by ion mobility spectrom-
etry.

Here, we describe the structure relaxation approximation
(SRA) method. The SRA allows us to apply this principle of
globally interpreting ion mobility spectra for a system of interest
using a molecular dynamics-based approach. The central aspect
of the SRA is to account for lack of ergodicity in the experiment,
thereby allowing us to predict charge-state specific ion mobility
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spectra from an ensemble of solution structures. The more
charge states and experimental conditions are probed by
experiment and theory, the greater the confidence of the
structural interpretation because chance agreement for all
conditions becomes increasingly unlikely. We subsequently
apply the SRA method to probe how closely, and in which
aspects, ions of the protein ubiquitin detected by “soft” ion
mobility measurements resemble the native state. The SRA
predicts that even the small protein ubiquitin retains essentially
the same residue—residue contacts as the native structure
determined by X-ray crystallography when measured by “soft”
ion mobility methods.

B METHODS

A full description of the methods is given in the Supporting
Information. Briefly, ion mobility measurements were per-
formed on a recently developed tandem-TIMS-Qq-TOF
instrument (Figure S1, Supporting Information) described in
detail elsewhere®® with nitrogen buffer gas (Peak Scientific
nitrogen generator, NM32-LA-MS-230 V). Bovine ubiquitin
(Sigma-Aldrich, St. Louis, MO) was diluted to 10 #M in LC/MS
grade water (Fisher Scientific, Waltham, MA) and water/
methanol (Acros Organics, Pittsburgh, PA), both with 1% acetic
acid (pH ~ 3, LC/MS grade, Fisher Scientific). Note that
ubiquitin is stable in aqueous solutions at pH above 2 (T, & 55
°C)." Samples were directly infused into the electrospray
ionization source (positive mode) by a gastight syringe
(Hamilton, Franklin, MA) at flow rates of 80—180 uL/h.
Instrument settings were taken from previous studies.”””" We
emphasize that these settings reproduce “soft” drift-tube spectra
of ubiquitin;“’52 as discussed,*” this means that our work does
not suffer from ion heating. Ions produced from electrospray are
deflected into the first TIMS device (TIMS-1). Ions traverse an
entrance funnel, are mobility-separated in the first TIMS
analyzer tunnel, and exit TIMS-1 through an ion funnel.
Subsequently, they traverse two apertures and enter the second
TIMS analyzer (TIMS-2) through deflector-2. As reported,” by
timing a blocking electric potential between aperture-1 and
aperture-2, we prevent ions from entering TIMS-2, thereby
mobility-selecting ions. By timing an activating potential
between aperture-2 and deflector-2, we can vibrationally activate
the selected ion by energetic ion—neutral collisions. The
selected ions traverse an ion funnel, are mobility-separated in
the mobility analyzer of TIMS-2, and exit TIMS-2 through
another ion funnel. Entrance and exit pressures were set to 3.2
and 1.6 mbar (TIMS-1) and 0.9 and 0.3 mbar (TIMS-2). Cross
sections were calibrated as described®®™>® using perfluorated
phosphazenes contained in A_gilent ESI tuning mix (m/z 622,
922, 1522) with re})ort(ed56’5 reduced ion mobilities (1.016,
0.841, 0.642 cm?*/(V s)).

Initial structures were taken from the protein data bank
(PDB) and from a previous study (A-state; acidic methanol/
water).”® Explicit-solvent molecular dynamics calculations were
carried out with GROMACS™ in conjunction with the amber
ff03 force field”’ and the TIP3P®" and meoh®” solvent models
for water and methanol, respectively. More details are found in
section $2.3.2 (Supporting Information). Gas-phase molecular
dynamics simulations were carried out with GROMACS in
conjunction with the OPLS-AA force field,"*** because this
force field was rigorously fitted to ab initio potential energy
surfaces and accurately reproduces ab initio conformational
energies of tetrapeptides.””®® Theoretical cross sections were
computed by the projection superposition approximation (PSA)
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method for helium®*~°° and nitrogen51 gases. Solvent accessible

surface areas were calculated by the POPS algorithm.70 The
MOPAC”" package was used for all electronic structure
calculations.

B RESULTS AND DISCUSSION

The mass spectrum recorded on our tandem-TIMS-Qg-TOF
instrument for ubiquitin electrosprayed from an aqueous
solution shows mainly charge states S+ through 8+ (Figure
2A). This charge-state distribution is typical for solution
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Figure 2. (A)—(D) Positive ion mass spectra recorded for ubiquitin
under different conditions: (A) aqueous solution with 1% acetic acid;
(B) methanol/water with 1% acetic acid without mobility-selection;
(C) selection of ions between TIMS-1 and TIMS-2 with reduced
mobility ~0.91—0.98 cm?/(V s); (D) selection and activation of ions by
250 V between TIMS-1 and TIMS-2, which results in backbone
fragment ions and charge-reduced [M + zH]**. (E)—(H) Ion mobility
spectra for [M + zH]** species with z = 4—8 observed in (A), blue trace,
and observed in (D), red trace.

conditions in which the native state of ubiquitin is stable.”"**

The native state of ubiquitin unfolds into the partially folded A-
state in acidic methanol/water.”” This conformational change is
noticeable in the mass spectrum by dominance of charge states
9+ to 11+ (Figure 2B). Next, we generate ions from acidic
methanol/water but only allow ions with reduced mobilities
between 0.91 and 0.98 cm?/(V s) to pass through the interface
between TIMS-1 and TIMS-2 (Figure 2C). As described in
detail elsewhere,” we achieve this mobility selection by timing a
blocking electric potential between aperture-1 and aperture-2
(Figure S1, Supporting Information). Figures 2C and S2
(Supporting Information) show that this effectively removes
ubiquitin charge states lower than +10 from the spectrum. Next,
we collisionally activate the selected ions by placing a voltage of
250 V between aperture-2 and deflector-2 (Figure 2D).
Consistent with our previous report,20 b- and y-type fragment
ions are abundantly formed. In addition to these backbone
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cleavages, however, Figure 2D shows abundant formation of m/
z 2141, 1713, 1428, 1224, 1071.

A closer inspection of the isotopic patterns for m/z 2141,
1713, 1428, 1224, 1071 shows that these ions are protonated
ubiquitin species [M + zH]** with z = 4—8 (see Figure S2,
Supporting Information). Note that the isotopic patterns are
inconsistent with radical species formed by addition of electrons
such as those described for electron-capture™ or electron
transfer without dissociation.”® Because these charge-reduced
species are only present after collisional activation (see Figure
2C,D and S2, Supporting Information), they must be formed by
removing protons from the selected ubiquitin ions as these are
collisionally activated between aperture-2 and deflector-2.

While the mechanistic details of how protons are removed
from the vibrationally excited higher charges states are part of
ongoing work, what is clear from the data is the following: the
[M + zH]*" ions in Figure 2D are protonated ubiquitin species
with the same molecular formula as the [M + zH]*" ions
detected from an aqueous ubiquitin solution (Figure 2A).
Consequently, for the same charge state, the structures adopted
by [M + zH]*" in Figure 2A,D correspond to distinct isomers on
the same Born—Oppenheimer potential energy surface.

Parts E—H of Figure 2 compare the ion mobility spectra of
charge states S+ to 8+ observed in Figure 2A (aqueous solution)
to those observed in Figure 2D (proton transfer in the gas phase
from ions produced from an acidic methanol/water solution).
Consistent with drift tube measurements in helium®"** and
nitrogen,”’ the spectra recorded from the aqueous ubiquitin
solution show one dominant peak. The cross sections of these
peaks (1160—1299 A% see Table S1 in the Supporting
Information) are consistent with the cross section expected
for the ubiquitin X-ray structure’’ and with measurements
conducted on drift tubes.*”*'"** Further, and also in line with
previous reports,*> the charged-reduced species (1317—1977
A?) are significantly smaller than their precursor ions before
proton transfer (~2200—2600 A% see Table S1 in the
Supporting Information). This compaction indicates that the
charge-reduced ubiquitin ions refold in the gas phase after
proton transfer. Nevertheless, these gas phase-folded ubiquitin
species are larger than their isomers detected from an aqueous
solution (see Figure 2E—H). This apparent “hysteresis” means
that the ubiquitin ions detected as charge states 5+ to 8+ from an
aqueous solution have not been able to isomerize into their
equilibrium gas-phase structures during the course of the ion
mobility measurement. As discussed in the Introduction, the
same conclusion follows from other reports.*’ ~*’

Clearly, the main features of [M + SH]** to [M + 8H]*
produced from aqueous conditions are consistent with the
ubiquitin X-ray structure. But may we infer from this consistency
that the structures of these ions correspond to the native state?
Consider the cross sections of the charge-reduced species [M +
4H]* and [M + SH]*" (1182 A* and 1317 A% see Figure 2 and
Table S1, Supporting Information). Their cross sections are also
consistent with the nitrogen cross section calculated”" for the X-
ray structure (1209 A?). Note also that helium cross sections
reported™ for ubiquitin [M + 3H]*" and [M + 4H]* produced
by proton-abstraction from [M + 13H]"* agree well with the
cross section expected for the native state.”’ Assuming that
consistency in cross section were a necessary and sufficient
criterion for similarity in structures, these observations would
imply that ubiquitin ions refold into native(-like) structures in
the absence of solvent. Obviously, this is highly unlikely because
folding of the charge-reduced species occurs in the hydrophobic
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gas phase, whereas folding of native protein structures is
governed through interactions with water molecules.”> These
discussions highlight that a consistency in cross section is a
necessary but not a sufficient criterion for structural similarity.
Hence, establishing consistencies between measured cross
sections and cross sections predicted for individual model
structures cannot represent an appropriate approach to
confidently elucidate structures from ion mobility data, at least
not for structurally complex species.

The relevant questions are thus: (1) What are the structures of
the [M + SH]** to [M + 8H]** ubiquitin ions produced from
aqueous conditions? (2) In which aspects do the structures of
these ions resemble the native ubiquitin structure as determined
by NMR or X-ray spectroscopy? (3) In which aspects do the
structures of these ions differ from their gas-phase isomers
(produced from refolding in the gas phase after proton-
abstraction)?

Structure Relaxation Approximation (SRA). To address
these three questions above, we developed the structure
relaxation approximation (SRA) method to allow us to globally
interpret ion mobility spectra for a system of interest using a
molecular dynamics-based approach. The central aspect of the
SRA is to account for lack of ergodicity in order to predict ion
mobility spectra by taking as input (a) an ensemble of solution
structures and (b) the ion charge state. This means that for
experiments conducted under the same conditions, predictions
are fully defined by the charge state of the detected ions. For
experiments conducted under equivalent operating conditions
but from different solvents, predictions may differ only in the
ensemble of initial solution structures. Hence, the more charge
states and solution conditions are probed, the greater the
confidence of the structural interpretation because chance
agreement between experiment and prediction for all spectra
becomes increasingly unlikely. We implemented the SRA as a
configurable and automatized software program (for details see
section S2, Supporting Information).

The SRA takes as input an ensemble of solution structures
(typically ~2000 structures; for example from molecular
dynamics simulations) and assumes an “instantaneous desolva-
tion” in line with reports that structural changes during the
desolvation process of proteins involve mainly the reorientation
of side chains but not the protein backbone.”*~”* After solvent
removal, three steps are sequentially applied to each input
structure:

(1) The first step is to add protons to (or remove protons
from) the structure so that its formal charge matches the
charge state z of the ion [M + zH]** detected in the
experiment. This step is required because the charge state
is known to significantly influence the ion mobility
spectrum via structural dynamics of the ions.”**”® Our
logic in this step is that amino acid residues that are more
exposed to the solvent are more likely to be charged. This
is based on prior work, which showed that the charge
states of protein ions observed in mass spectrometry are
highly correlated to their solvent accessible surface area.””
Hence, we determine the formal charge of each amino
acid residue and then add (or remove) protons from
chargeable residues (Glu, Asp, His, Arg, Lys) with the
largest solvent accessible surface areas. To this end, we
calculate atomic partial charges and add a proton in
proximity to the most negatively charged heteroatom of
the selected residue (or remove its most positively
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charged proton). We then optimize the hydrogen
positions using Stewart’s local SCF method”® and
recalculate the Lewis structure to assert a chemically
correct protein structure. Chemically incorrect structures
are obtained in about 10—15% of the cases and discarded
from further analysis. This approach broadly samples
protomers; see Figure S16 (Supporting Information) for
protomers sampled for charge states 6+ to 8+ from
aqueous solution. Our approach thus appears more
appropriate than algorithms that minimize an energy
function” during the gas-phase simulation, which tend to
converge to a “global minimum protomer” that
subsequently dominates the molecular dynamics simu-
lations.”*

The second step is to relax the structure of the protein ion
in direction toward, but not into, its gas-phase equilibrium
structure. This step is required because “soft” ion mobility
measurements’  detect kinetically trapped (metastable)
protein systems as their structures are in the process of
transitioning from the solution into the gas-phase
equilibrium structure. This means that ion mobility
spectrometry is inherently a nonequilibrium method in
these measurements and the principle of ergodicity does
not apply to these experiments. Hence, methods that are
devised to sample large regions of phase space by
efficiently crossing high-energy barriers, such as replica-
exchange molecular dynamics™ or metadynamics,®"** are
not appropriate to simulate the gas-phase relaxation
process of protein systems in ion mobility measurements
recorded under “soft” conditions. To account for lack of
ergodicity in the experiment, we thus perform short
(typically <S ns) molecular dynamics simulations of the
charged protein ion in the gas phase (see below and
Figure S4, Supporting Information, for details). Depend-
ing on the energy and time length of these simulations,
this approach allows the protein ions to overcome some of
the energy barriers and change toward to, but not into, the
equilibrium gas-phase structure.

Subsequently, we account for structural dynamics of the
ions during the ion mobility measurement. To this end,
we propagate trajectories at 300 K and average the cross
section over the sampled snapshots (Figure S4,
Supporting Information). In our experience, calculating
cross sections for ~10% of the snapshots yields
appropriate average cross sections (see Figure SS,
Supporting Information). Because an average cross
section is calculated for each of the ~2000 initial
(solution) structures from averaging ~20 individual
cross sections, each predicted spectrum shown below
requires on the order of 30 000—40 000 individual cross
section calculations. We hence use our 5projection
superposition approximation (PSA) method"*°~* for
these cross section calculations, which yields accurate
cross sections for both helium and nitrogen buffer gases at
significantly lower computational efforts than other
accurate methods.””**™® Note that approaches that
account for the ion shape through statistical fitting
procedures®>”’ incorrectly imply that shape effects are
independent of the charge state and/or geometry of the
ion and result in errors of up to ~10% (Figures S6 and S7,
Supporting Information).
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Finally, the ion mobility spectrum is then calculated as the
sum of Gaussian distributions centered at each of the averaged
cross sections and the standard deviation given by the
experimental resolving power as described in section S2.3.6
(Supporting Information).

As expected from prior work,”® a spectrum predicted by the
SRA depends critically on the time length and energy of the gas-
phase simulations performed in step 2. Figure S4 (Supporting
Information) reveals the effect of different energies and time
lengths of the gas-phase relaxation simulation on the predicted
ion mobility spectrum of ubiquitin charge state [M + 6H]*".
Short simulation time lengths and low simulation energies
marginally affect the protein structure because only few energy
barriers are overcome in the gas phase. As the ions are given
more time and energy, however, they are increasingly able to
adopt to the gas-phase environment by overcoming larger
barriers and relaxing toward the gas-phase structure. This
increased efficiency of the gas-phase relaxation process is
noticeable in Figure S4 by the increased abundance of extended
structures with sections between ~1300 A% and 1800 A? as the
length and energy of the simulation are increased. To accurately
predict ion mobility spectra, we must therefore identify the time
and energy that best reflects the effective ion temperature*' >
in the experiments. We identify the combination of simulation
time length and energy that best corresponds to the experiment
by calculating the cross correlation and coherence between the
experimental and predicted ion mobility spectra for [M + 6H]**
(Tmax = 600 K; see Figure S4, Supporting Information, for
details). Because the effective ion temperature does not
signiﬁcantlz deapend on the reduced ion mobility in the low-
field limit,”' = prediction of other spectra measured under
equivalent experimental conditions must now be made using
this same gas-phase relaxation protocol.

Predicting lon Mobility Spectra with the Structure
Relaxation Approximation (SRA) Method. We apply the
SRA to predict the experimental trends observed for different
charge states, buffer gases, and initial conditions (such as
aqueous or methanol/water solutions, charge reduction in the
gas phase) of the protein ubiquitin.

Figure 3 compares ion mobility spectra predicted by the SRA
to experimental data recorded for various charge states and
solution conditions of ubiquitin observed in Figure 2. The SRA
predictions started from snapshots taken during explicit-solvent
molecular dynamics simulations and, for predictions of charge-
reduced species, from structures predicted for [M + 11H]"'* and
[M + 12H]"*" after gas-phase relaxation. We stress that all SRA
predictions differ only in their input ensemble and/or their
charge state; all other parameters are equal. Cross correlation
shows a root-mean-square deviation (RMSD) between SRA and
the experiment of ~4.4% (nitrogen buffer gas) and that
predicted and experimental spectra are strongly correlated
(see section S2.3.7 and Figure S9, Supporting Information, for
details). Figure S8 (Supporting Information) compares SRA
predictions to previously reported®"”® measurements carried
out on drift tubes in helium buffer gas (RMSD = 3.7%, see Figure
S9, Supporting Information).

When comparing experimental ion mobility data to those
predicted by theory, it is critical to consider the accuracy of ion
mobility theory. Due to space limitations, we limit ourselves to
briefly discussing the “gold standard” trajectory method for
helium buffer gas.”® While trajectory methods correctly capture
the physics of the collision process through propagating collision
trajectories, for accuracy they rely on an intermolecular force
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Figure 3. Comparison between experimental ion mobility spectra (red
trace) and spectra predicted by the SRA (blue trace) for ubiquitin in
nitrogen buffer gas for (A) aqueous solution and (B) methanol/water
solution and for (C) charge reduction after mobility-selecting [M +
zH]** with z > 9 in the TIMS—TIMS interface. Experimental data are
identical to those shown in Figure 2. SRA predictions for (A) and (B)
started from structures observed during explicit-solvent molecular
dynamics simulations and for (C) from structures predicted for [M +
11H]'™ and [M + 12H]'™* after gas-phase relaxation. Note that
agreement between experiment and prediction (RMSD ~ $%) is within
the errors of the methods.
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field on which these trajectories are propagated. The only
rigorous parametrization, however, was conducted for the
element carbon in helium buffer gas, namely, by inverting
temperature-dependent helium cross sections of Cg.”
Furthermore, because oxygen and nitrogen atoms are treated
as carbons, proteins are approximated to resemble carbon
clusters. These apgroximations and others, discussed by us
elsewhere,** %% result in errors of ~5% even when the
trajectory method is applied to systems as small as
pentapeptides.”” Hence, it follows that agreement between
calculated and experimental cross sections of better than ~5% is
beyond the ability of the methods currently available.

The agreement between the spectra predicted by the SRA and
the experimental spectra (RMSD 4.4% and 3.7%) is thus within
the error of the methods. Further optimizations, or use of scaling
factors, that increase agreement with the experiment would thus
suggest a degree of accuracy that is inconsistent with the current
limitations of ion mobility theory. Furthermore, predicted
spectra tend to be slightly shifted to higher cross sections, which
indicates a slight systematic error in the cross section
calculations. These minor deviations from the experimental
spectra are thus entirely expected from our previous
reports. 6698549

Figure 4 plots the cross sections of the main features observed
in the measured and SRA spectra of ubiquitin as a function of the
charge state for both helium and nitrogen gas. This global
comparison demonstrates that our SRA method accurately
predicts the trends observed in the experiments regardless of
charge state, buffer gas, and initial (solution) condition. Most
significant for the remainder of our discussion is the fact that the
SRA quantitatively predicts the “hysteresis” of ubiquitin: ions
produced from refolding in the gas phase are predicted to be
similar in cross section to those produced from acidic methanol/
water but significantly more extended than their isomers
produced from aqueous conditions. Notice that our method
truly predicts these trends for 34 spectra with varying charge
states, solution conditions, and buffer gases. Hence, it is highly
unlikely that the observed agreement between our predictions
and the experiments is accidental, underscoring the validity of
the SRA method.

Soft lon Mobility Measurements Largely Retain the
Native Structure of the Protein Ubiquitin. In the following,
we thus discuss the structural predictions made by the SRA by
analyzing the main peaks of the predicted spectra.

Does Ubiquitin Turn Inside-out after Solvent Evaporation?
Ubiquitin is a small (8.6 kDa) protein that contains 11 acidic
residues (five Asp and six Glu residues) and 12 basic residues
(seven Lys, four Arg, and one His residues) in addition to the N
and C termini.”’ These hydrophilic residues are exposed to the
solvent in the ubiquitin native structure. By contrast, hydro-
phobic residues are found excluded from the solvent in a
hydrophobic core. A hydrophobic core is common to protein
systems because hydrophobic moieties do not favorably interact
with the hydrophilic solvent water and “collapse” onto each
other. In the gas phase, however, the situation is reversed. Here,
the environment is hydrophobic and one might expect that a
protein structure would turn “inside-out”.>**’

To probe if ubiquitin turns inside-out in our ion mobility
measurements, we extract the structures that compose the main
features of the SRA spectra and calculate their mean hydro-
phobic and hydrophilic solvent accessible surface areas (Figure
SA). As reference, we also include the hydrophilic and
hydrophobic surface areas for the aqueous explicit-solvent
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simulations (2748 and 2303 A? respectively). The SRA predicts
that the gas-phase relaxation decreases the hydrophilic surface
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area of ubiquitin ions produced from aqueous solutions by
~20—30%. But our data also suggest that ions with the same
charge state expose essentially the same hydrophilic surface area
to the environment, regardless of whether they are formed from
aqueous solution, acidic methanol/water, or refolded in the gas
phase after proton abstraction. By contrast, the hydrophobic
surface area of charge states 5+ to 8+ produced from aqueous
solution is significantly smaller than the hydrophobic surface
area of ions formed in a hydrophobic environment (methanol/
water or charge reduction in the gas phase). Note also the only
minor increase in hydrophobic surface area for the compact
features produced from aqueous solvent conditions (~2—10%).
This minor increase of the hydrophobic surface area is
inconsistent with formation of inside-out ubiquitin structures.
Indeed, the SRA predicts that ubiquitin ions formed from an
aqueous solution largely retain their native topology of a
hydrophobic core with hydrophilic residues exposed on the
surface (Figure SB).

How can, at least on the time scale of “soft” ion mobility
measurements, ubiquitin ions retain their native topology with a
hydrophobic core and hydrophilic residues exposed to the
hydrophobic gas phase?

At first glance, being apolar, the gas phase might appear to be a
hydrophobic environment similar to that of a biological
membrane. This view might suggest that attractive forces
between hydrophobic moieties of a protein, such as those within
the hydrophobic core of ubiquitin, would be lost in the gas
phase,”* ™" rendering the native structure unstable in the gas
phase. The hydrophobic force, however, does not truly arise
from attractive intermolecular forces between hydrophobic
moieties. Rather, hydrophobic “bonding” is only an effective
force arising from a complex interplay of solute—solute and
solute—protein interactions, as well as intermolecular forces
between the hydrophobic moieties.”® After solvent evaporation,
only the intermolecular forces between apolar moieties remain.
In general, these intermolecular forces arise from interactions
between electronic states of the interacting moieties and are
broadly classified as exchange, induction, dispersion, and
electrostatic interactions.”’ Symmetry adapted perturbation
theory now tells us that intermolecular interactions between
apolar moieties arise mainly from dispersion and induction
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Figure 6. (A) X-ray structure of ubiquitin (1UBQ) with secondary-structure regions indicated (£, @, 3,, 30, 3)- Fraction of native contacts predicted
by the SRA method for various charge states and experimental conditions (B) within each region and (C) between the regions. Note that f; lacks
contacts in the native (X-ray) structure. Inter-residue contacts of ions produced from aqueous solution are highly similar to those in the X-ray structure
(Q > 0.75 for all regions), indicating that ubiquitin ions detected in these ion mobility experiments strongly resemble the X-ray structure. (D)
Ensemble of solution NMR structures for ubiquitin (1D3Z) with secondary structure indicated by STRIDE (f-strand, yellow; a-helix, purple; 34-
helix, blue; turn, cyan). (E), (F) Ensemble of structures predicted by the SRA for [M + 6H]%" and [M + 8H]%, respectively, from aqueous conditions.
These ions are predicted to retain the overall topology and most of the secondary structure of the native structure. The same conclusions also follow
from SRA predictions for helium buffer gas.

interactions.”””” Because dispersive and inductive interactions To more specifically identify which aspects of the ubiquitin
are always attractive in nature, the environment of the protein structure change most strongly after solvent evaporation, we
(solution or gas phase) should bear little influence of the calculate the fraction of native contacts with respect to the X-ray
intrinsic stability of a hydrophobic core. Furthermore, exposing structure separately for the five different regions of ubiquitin («,
(even parts of) a hydrophobic core to the environment requires 310 By By B3)-
reorganization of the protein backbone, and thus higher energy We plot the fraction of native contacts Q predicted by the SRA
barriers to be overcome. By contrast, hydrophilic patches are within these regions in Figure 6B for the various charge states,
readily removed from the surface of a protein by internal whereas Figure 6C plots the fraction of native contacts between
rotations of the amino acid side chains.’®”*>’%’* These the different regions. The data show that the inter-residue
considerations suggest that exposing hydrophobic patches on contacts of ions produced from aqueous solution are highly
a protein surface is unlikely the driving force for the similar to those in the X-ray structure (Q > 0.75) for all regions.
isomerization of protein systems after solvent evaporation. Note that this agreement applies to all inter-residue contacts, i.e.,
How Closely Does the Structure of Ubiquitin lons Detected within the various regions (Figure 6B), as well as to the contacts
by lon Mobility Resemble Their Native Structure? A more between the regions (Figure 6C). Our analysis thus indicates
detailed picture of ubiquitin structures detected in the ion that the structures of the ubiquitin ions detected in these ion
mobility measurements emerges from analyzing the fraction of mobility experiments strongly resemble the X-ray structure.
native contacts with respect to the X-ray structure. The fraction Figure S11 (Supporting Information) indicates that the same
of native contacts Q is a widely used measure to characterize conclusion follows from analysis of the helium spectra predicted
protein conformations during protein folding.”*”® The values of by the SRA method for data recorded on a drift tube by
Qvary between 0.0 and 1.0, where a value close to 1.0 means that Whyttenbach et al.>' We compare the structural ensemble
the particular region is governed by the same inter-residue recorded by solution NMR spectroscopy to the SRA ensembles
contacts as X-ray structure (and vice versa). for ubiquitin [M + 6H]®" and [M + 8H]*" in Figure 6D—F. The
The native state of ubiquitin® involves a high content of figures illustrate that the SRA ensembles predicted for [M +
secondary-structure elements, including a five-stranded f-sheet 6H]* and [M + 8H]** strongly resemble the topology of the
from three different sequence regions, an a-helix (fitting into a ubiquitin NMR structure. This prediction is supported by prior
concavity formed by the f-sheet), and a 3,,-helix (Figure 6A). theoretical studies on ubiquitin.*>"*
2763 DOI: 10.1021/acs.jpcb.8b11818
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Figure 7. (A) X-ray structure of ubiquitin (1UBQ) with stabilizing salt-bridges indicated. (B), (C) Residue—residue interaction maps predicted by the
SRA at the PMG level of theory for [M + 6H]®" and [M + 7H]"* ions from aqueous conditions. The SRA predicts that salt bridges that stabilize the
ubiquitin native structure also stabilize [M + 6H]®" and [M + 7H]”*. (D) Representative structure (SRA) for refolded, charge-reduced [M + 6H]**
with important salt bridges indicated. (E), (F) Residue—residue interaction maps predicted by the SRA for [M + 6H]®" and [M + 7H]"* after charge
reduction and refolding in the gas phase. Native salt bridges are considerably weakened and replaced by interactions between proximate residues as
illustrated in (D).

Tons produced from acidic methanol/water exhibit strongly observations thus indicate that the charge-reduced species differ
native inter-residue contacts within the f3,-region (Figure 6B). from their isomers generated from aqueous solution as well as
We make the same observation for the two helical regions, albeit those from acidic methanol/water. We emphasize this because
the inter-residue contacts in these regions deviate increasingly cross sections of several charge-reduced species agree well with
from the X-ray structure with increasing charge state. Inter- cross sections of the isomers produced from methanol/water
residue contacts in the f3,-region resembling the X-ray structure solutions (Figure 4). This observation further underscores that
are not found. Note that contacts between the various regions agreement in cross section does not imply similarity in
differ from the X-ray structure (Figure 6C). We note that the structures.
ubiquitin A-state prevalent in acidic methanol/water resembles Are Native Salt-Bridges Retained upon Solvent Evapo-
the X-ray structures within the #; and the two helical regions, but ration? The ubiquitin native state’ stabilizes the arrangement
not in the 3,-region or between the regions.’” This presence of a of the various secondary-structure elements by several salt
P-sheet in the N-terminal region of ubiquitin was previously bridges (Figure 7A), most notably by interactions between
reported in a coupled ion mobility/ultraviolet photodissociation Lys11/Glu34 and Lys27/Asp52 anchoring the a-helix to the
study for charge state 11+ produced from an acidic methanol/ five-stranded f-sheet.
water solution.”” We note, however, that this N-terminal f-sheet Parts B and C of Figure 7 show residue—residue interaction
is not present in high-energy conformations® and the putative maps predicted by the SRA at the PM6 level of theory”” for the
global minimum”® of charge state 13+, which points to the dominant peaks of [M + 6H]® and [M + 7H]”* ions,
significance of accounting in the modeling for the lack of respectively, generated from aqueous conditions. Such maps
ergodicity of “soft” ion mobility experiments. reveal how strongly two residues interact with each other (see

For the charge-reduced ubiquitin species, Figure 6B reveals section $2.3.8, Supporting Information, for details). The data
that the f5-region resembles somewhat the native structure and indicate that the salt bridges that stabilize the ubiquitin native
the A-state but all other regions are strongly non-native. We state (Figure 7A) also stabilize the [M + 6H]®* (Figure 7B) and
further cannot identify native inter-residue contacts between the [M + 7H]"* (Figure 7C). In particular, the salt-bridges between

regions in any of the charge-reduced species (Figure 6C). These Lys11/Glu34 (3.2 and 2.6 kcal/mol, respectively, for charge
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state 6+ and 7+) and Lys27/Asp52 (4.0 kcal/mol for charge
state 6+ and 7+) remain strongly bonding, tethering the a-helix
to the five-stranded f-sheet. Figure 7D shows a representative
snapshot from the SRA predictions for charge-reduced, refolded
[M + 6H]*" while Figure 7E,F plot the interaction maps for the
charge-reduced [M + 6H]®" and [M + 7H]* species. The plots
reveal that the salt bridges that stabilize the ubiquitin native state
(Figure 7A) are significantly weakened and replaced by
interactions between residues in proximity to each other (i.e.,
Lys27, Lys29 interacting with Glul8, Asp21, Glu24; see Figure
7D). In particular, the interactions between Lys11/Glu34 and
Lys27/Asp52 are reduced to about 1 and 0.5 kcal/mol for the
charge-reduced [M + 6H]®*" and [M + 7H]™* species,
respectively. Overall, Figure 7 indicates that ubiquitin ions
detected by ion mobility spectrometry from aqueous conditions
are stabilized by the same salt bridges as the ubiquitin native
state. By contrast, native salt bridges are replaced in their gas-
phase isomers by local interactions between residues close to
each other in the polypeptide chain. This process is likely
initiated when hydrophilic moieties are charge-solvated""”* and
removed from the surface of a protein by internal rotations.”>”*
The extended nature of charge-reduced species with remote
clusters of charge-solvated residues (Figure 7D), however, is
expected to facilitate internal rotations of backbone single
bonds. Hence, entropic considerations are likely to contribute to
the unfolding of proteins in the gas phase in addition to energetic
stabilization through charge-solvation processes.

How Do Ubiquitin lons Unfold Mechanistically? As
discussed,*'***” ubiquitin charge states 6+, 7+, and 8+ from
native conditions unfold sequentially from compact into
partially unfolded and extended conformations. Figure 8A
plots the experimental ion mobility spectrum of ubiquitin charge
state 8+ and the spectrum predicted by the SRA (with compact,
partially unfolded, and extended regions indicated). According
to the SRA, the partially unfolded conformation is formed from
the compact conformation when the interaction between the j3;
and f3; regions (residues 1—18 and 62—76) is disrupted, while
the N-terminal 3, and a-helix regions remain largely in their
native fold (Figure 8B). Subsequently, according to the SRA,
extended ubiquitin conformations emerge when the interaction
between the , and f; regions and those of the a- and 3, helices
is lost. We probe these predictions by studying the early
transitions of the unfolding of charge state 8+ by sequential
molecular dynamics simulations at gradually increasing temper-
atures as described.”® Figures 8C and S17 (Supporting
Information) show that this approach reveals the same
unfolding mechanism as predicted by the SRA. Further support
for the SRA predictions arises from a study employing
microsecond time-scale simulations of ubiquitin charge state
6+.”* Here, partially unfolded ubiquitin conformations were
observed as intermediates that lack interactions between the 3,
and f; regions while the N-terminal f, and a-helix regions
remain largely folded.

B SUMMARY AND CONCLUSIONS

We developed the structure relaxation approximation (SRA)
method. The central idea of the SRA is to interpret the trends
contained in ion mobility data “globally”, thereby allowing
detailed structure elucidation. This is enabled by predicting
charge-state specific ion mobility spectra from an ensemble of
solution structures. The more charge states and experimental
conditions are probed by experiment and theory, the greater the
confidence of the structural interpretation because chance
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Figure 8. (A) Ion mobility spectrum recorded for ubiquitin charge state
8+ obtained from native conditions to the corresponding spectrum
predicted by the SRA. Different regions corresponding to compact,
partially unfolded, and extended ubiquitin conformations are indicated.
(B) Fraction of native contacts predicted for the compact, partially
unfolded, and extended conformations for the interactions between the
three ff-strand regions and the two helices. (See also Figures 6 and 7.)
The SRA predicts that the key step in the unfolding of ubiquitin ions in
the gas phase is loss of the interaction between the regions of the first
(residues 1—18) and the third f-strand (residues 62—76). (C) Early
intermediate states identified from a sequence of molecular dynamics
simulations conducted at gradually increasing temperatures support
these SRA predictions.

agreement for all conditions becomes increasingly unlikely. We
subsequently applied the SRA to probe how closely, and in
which aspects, ions of the protein ubiquitin detected by “soft”
ion mobility measurements resemble their native state. To this
end, we predicted ion mobility spectra recorded for 34
measurements that differ in charge states, initial (solution)
conditions and buffer gases. We find that the SRA method
predicts the trends observed in the experiments within the error
of the methods.
Specifically, the SRA predicts for the protein ubiquitin:

(1) Ubiquitin ions detected from aqueous conditions by
“soft” ion mobility measurements largely retain their
hydrophobic core present in their native structure.

(2) Ubiquitin ions detected from aqueous conditions by
“soft” ion mobility measurements largely retain their
native inter-residue contacts and secondary-structure
elements.

(3) If ubiquitin ions are given sufficient energy and time to
overcome energy barriers and fold into their gas-phase
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structures, native inter-residue contacts are largely
replaced by local interactions between proximate
residues.

Loss of interaction between the N-terminal and C-
terminal f-strand regions is the first step in the unfolding
of ubiquitin ions produced from aqueous conditions by
“soft” ion mobility measurements.

(4)

In sum, the SRA method predicts that, when studied under
native conditions by “soft” ion mobility measurements, even
proteins as small as ubiquitin largely retain their native
structures.
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