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ABSTRACT: Native ion mobility/mass spectrometry is well-poised to structurally screen
proteomes but characterizes protein structures in the absence of a solvent. This raises long-
standing unanswered questions about the biological significance of protein structures
identified through ion mobility/mass spectrometry. Using newly developed computational -
and experimental ion mobility/ion mobility/mass spectrometry methods, we investigate the
unfolding of the protein ubiquitin in a solvent-free environment. Our data suggest that the
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folded, solvent-free ubiquitin observed by ion mobility/mass spectrometry exists in a largely ==

native fold with an intact B-grasp motif and a-helix. The ensemble of folded, solvent-free

ubiquitin ions can be partitioned into kinetically stable subpopulations that appear to correspond to the structural heterogeneity of
ubiquitin in solution. Time-resolved ion mobility/ion mobility/mass spectrometry measurements show that folded, solvent-free
ubiquitin exhibits a strongly stretched-exponential time dependence, which simulations trace to a rugged energy landscape with
kinetic traps. Unfolding rate constants are estimated to be approximately 800 to 20,000 times smaller than in the presence of water,
effectively quenching the unfolding process on the time scale of typical ion mobility/mass spectrometry measurements. Our
proposed unfolding pathway of solvent-free ubiquitin shares substantial characteristics with that established for the presence of
solvent, including a polarized transition state with significant native content in the N-terminal f-hairpin and a-helix. Our
experimental and computational data suggest that (1) the energy landscape governing the motions of folded, solvent-free proteins is
rugged in analogy to that of glassy systems; (2) large-scale protein motions may at least partially be determined by the amino acid
sequence of a polypeptide chain; and (3) solvent facilitates, rather than controls, protein motions.

B INTRODUCTION

Proteins and their complexes derive their biological function
from the structures that they adopt and the motions through
which they interconvert. Although early models viewed proteins
as static entities," it is now widely recognized that protein
function is best described in terms of an energy landscape
comprising a hierarchy of conformational states and transitions
between them at various scales of length, time, and energy.z_4

The dynamic nature of protein function takes on increased
complexity in the context of cellular processes, which depend on
the collective action of all proteins (“proteome”). Mechanisms
such as post-translational modifications of proteins may alter
protein interaction networks and trigger disease phenotypes.’
Mass spectrometry methods are well-suited to handle the
heterogeneity arising from proteoforms or assembly steady-
states and enable systematic measurements of proteomes.6
When combined with ion mobility spectrometry (IM/MS),
these methods have shown great promise in studying
heterogeneous protein systems, from lipid-bound membrane
proteins’ to structurally heterogeneous glycoproteins® and
disorder—order transitions of amyloid assemblies implicated in
neurodegenerative diseases.”"’

However, native IM/MS characterizes protein structures
without a solvent. Because solvent molecules stabilize proteins
in their native state,'' proteins may adopt non-native
conformations during IM/MS analysis. For example, proteins
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adopt non-native, kinetically stable structures upon energetic

12,13 1nd the peaks in native IM/MS measurements

14,15

activation,
are usually broader than expected for a single conformer.
Further, functionally important protein motions are generally
thought to be driven by solvent dynamics.'®'” These
considerations underline that the lack of solvent raises long-
standing, unanswered questions about the extent to which IM/
MS reveals biologically relevant protein structures.'®

Early studies noted that organic solvents promote protein
denaturation but simultaneously reduce denaturation rates, so
native protein conformations become kinetically trapped.'’
There is ample experimental evidence that electrospray
ionization produces protein ions that retain aspects of their
native structures.'¥*°~** The questions we are interested in are
how closely these solvent-free protein ions reflect the native state
and to what extent solvent regulates the protein (un)folding
pathway.
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Protein denaturation upon removal of the solvent is
represented by the simplified free energy profiles in Figure 1.
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Figure 1. Simplified free-energy profiles describing protein folding in
the presence (blue dashed trace) and absence (red solid trace) of a
solvent. In the presence of solvent, equilibrium exists between the
folded (native) state F and the unfolded state U. Removal of solvent
shifts the barrier and free energy profile along the unfolding coordinate
and renders the folded state less stable than the unfolded state U”. The
consequence is a spontaneous relaxation of a folded solvent-free protein
toward the unfolded state U”. We discuss the relationship between the
solvent-free and solvent-present energy landscapes.

In the presence of a solvent, equilibrium exists between a folded
(native) state of a protein and an unfolded (non-native) state. In
the absence of a solvent, folded protein structures are typically
metastable but s3p0ntaneously unfold if given enough time and
energy.”' >~ This suggests that the removal of solvent
shifts the barrier and free energy profile along the unfolding
coordinate, making the folded state less stable than the unfolded
(denatured) state.

The origins of the barriers in the solvent-free environment and
strategies to increase them remain incompletely understood,
despite significant efforts. For example, the complexation of
char%ed residues on the Frotein surface by residual solvent,”
salts,”> or crown ethers’™** has been proposed to prevent
destabilizing interactions with the protein backbone. However,
wild-type exoglycanase exhibits gas-phase barriers comparable
to variants that lack charged residues.*® Further, the stability of
green fluorescent protein variants in the solvent-free environ-
ment appears to increase with the number of charged residues.*
Moreover, the contributions of entropic or enthalpic compo-
nents to the energy barriers remain underexplored, nor is it
established how closely the initially formed, metastable
structures correspond to the protein’s native state.

In the presence of solvent, several protein folding scenarios
have been associated with different free energy landscapes.’”
The primary determinant for these free energy landscapes is the
interplay between enthalpic stabilization by native noncovalent
contacts and changes in the configurational entropy during
folding.>* The position of the energy barrier on the folding
coordinate determines the nativeness of the transition state
ensemble,”® ** which can be polarized with native structure
present only in a subset of the protein. Additionally, scenarios
have been discussed with rugged energy landscapes®”*' and
protein motions controlled by solvent fluctuations.'®'”*>**

Here, we characterize the unfolding of solvent-free ubiquitin
by newly developed computational and experimental trapped
ion mobility/trapped ion mobility/mass spectrometry (tandem-
TIMS/MS) methods.””** These methods allow us to partition
solvent-free ubiquitin into subpopulations with different
structures and characterize their time- and energy-resolved
unfolding pathways. We selected bovine ubiquitin, a 76-residue
globular protein, as a prototype because experimental and
computational approaches have extensively characterized its
solution-phase structure and dynamics.’”**~>° The native state
of ubiquitin is stable under a broad range of solution
conditions®' and shows functionally relevant structural hetero-

geneity in the ~50 ys time scale regime.”” Hence, ubiquitin is
simple enough that unfolding in the absence of a solvent can be
rigorously studied using our methods and compared with that
established in the presence of a solvent.

B MATERIALS AND METHODS

Materials and Sample Preparation. Chicken egg white
lysozyme, bovine ubiquitin, ammonium acetate, and LC/MS grade
water were obtained from Sigma-Aldrich (St. Louis, MO). Ubiquitin
was desalted using a 3 kDa Amicon ultra centrifugal filter (Millipore
Sigma, Burlington, MA) and diluted into LC/MS grade water to a
concentration of § yM with aqueous 1% by volume acetic acid (pH
3.5). Lysozyme was desalted and diluted in 200 mM aqueous
ammonium acetate (pH 6.5) to a final concentration of S M.

Tandem-TIMS/MS Measurements. A full description of the
experimental settings is given in Section S1 (Supporting Information).
Briefly, ion mobility measurements were performed on a tandem-
trapped IMS-QqTOF instrument (tandem-TIMS/MS, see Figure S,
Supporting Information) constructed™ from the coupling of two
independently controlled and differentially pumped prototype
TIMS**” devices to a QgTOF mass spectrometer. Samples were
infused into the electrospray ionization (ESI) source in the positive ion
mode through a gastight syringe (Hamilton, 250 uL) at a flow rate of
180 uL/h. The ability of this tandem-TIMS/MS instrument for soft,
native-like measurements of proteins, protein complexes, and weakly
bound peptide assemblies has been extensively demonstrated.*”**°7%3
Ions produced from ESI are mobility-separated in TIMS-1. Following
elution from TIMS-1, ions can be mobility-selected by timing a gating
voltage in the interface region, as described in Figure S1 and
elsewhere.””**%" Comparing ion mobilities with TIMS-2 in “trans-
mission mode” to those recorded in “separation mode” reveals if protein
structures isomerize on the time scale of the separation process (Section
S5, Supporting Information).**®" Mobility-selected subpopulations
can be collisionally activated for collision-induced unfolding (CIU)
measurements by dc-only electric fields between aperture-2 and
deflector-2 (see Figure S1).*”**%19%%* Time-resolved measurements
can further be carried out by holding the trapping potential in the
TIMS-2 constant for up to ~21 s, as described.**** Subsequently, ions
are mobility-separated in TIMS-2. Ion mobilities and collision cross
sections were calibrated as described®™®® using perfluorophospha-
zenes contained in Agilent ESI tuning mix using reported reduced ion
mobilities.””*” The error of the calibrated cross sections is typically less
than 19%.%77° Nitrogen buffer gas was used for all ion mobility
measurements.

Computational Details on SRA and PSA Calculations.
Structure relaxation approximation (SRA) calculations were carried
out as described.”” Briefly, an ensemble of all-atom protein solution
structures is (de)protonated to the desired charge state(s), and short
gas-phase molecular dynamics (MD) simulations are separately carried
out for each protein structure using GROMACS”" version 4.5.7 in
conjunction with the OPLS/ AA”? force field as described.”” The charge
states observed in the experiment were attained by (de)protonating
solvent-accessible acidic and basic residues, as described.” To simulate
the time-dependent unfolding of ubiquitin, we propagated each of the
>1000 ubiquitin structures from the conformational ensemble for 3 us
at 450 K and stored snapshots for further analysis every 2 ns. To probe
temperature dependence, analogous simulations were conducted at S00
K. Overall, roughly 4,000,000 collision cross sections were computed
usin7g our projection superposition approximation (PSA)”? for nitrogen
gas.”* More details are found in Section S6 (Supporting Information).

B RESULTS AND DISCUSSION

Solvent-Free, Compact Ubiquitin Subpopulations
Reflect the Structural Heterogeneity of the Native
State. The native state of ubiquitin is stable across various
solution conditions.”"***> Charge states 6+ to 8+ predominate
the tandem-TIMS/MS spectra of bovine ubiquitin electro-
sprayed from aqueous solution at pH 3.5 (Figure 2), where its
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Figure 2. Solvent-free ubiquitin partitions into subpopulations that are
consistent with the solution-phase conformational heterogeneity. (A)
Charge states 6+ to 8+ predominate the mass spectrum of bovine
ubiquitin electrosprayed from an aqueous solution at pH 3.5. (B) Ion
mobility spectrum for charge state 7+ shows a dominant compact
feature (black trace). Ion mobility spectra computed with our SRA
method for the MD and ERNST ensembles (red traces and blue dashes,
respectively) show a main, compact feature consistent with the
experimental features. (C) Partitioning of the broad, compact feature
(black trace) into a set of ubiquitin subpopulations (colored traces)
with different collision cross sections that do not equilibrate on the
~100— ~200 ms time scale of the tandem-TIMS/MS experiments. All
cross-sections were recorded in nitrogen buffer gas. (D) Comparison
between the NMR-refined ubiquitin solution ensemble and the
computed ensemble for solvent-free ubiquitin (SRA). Residues 72—
76 have been omitted for clarity.

native state prevails. In line with prior literature,”””*™"® the

corresponding ion mobility spectra show a main compact
feature with collision cross sections centered at 1186 A? (6+),
1237 A* (7+), and 1275 A* (8+), respectively (see Figures 2, S2,
and Table S1 in the Supporting Information). The full width at
half-maxima of the dominant, compact peaks range from 44 to
66 A%, which are significantly broader than expected from the
instrumental resolving power and indicate unresolved con-
formers. Consistent with prior literature,”” the broad features
can be partitioned into a set of subpopulations with different
collision cross sections that do not appear to equilibrate on the
~100 ms time scale of the tandem-TIMS/MS experiments
(Figure 2C and Section SS, Supporting Information). This
means that these subpopulations retain structural differences on
the ~100 ms measurement time scale. These results echo prior
reports,””>””” showing metastability of protein subpopulations
in IM/MS.

To interpret the structure of ubiquitin in the solvent-free
environment, we compared the experimental spectra to
theoretical spectra computed using our SRA (see Figures 2
and S2 in the Supporting Information).””®> The SRA computes

ion mobility spectra from an ensemble of protein solution
structures by simulating the structural relaxation process that the
protein undergoes in the absence of a solvent. For comparison to
the experiment, we computed SRA spectra for charge states 6+
to 8+ from two reported solution ensembles for ubiquitin: For
one, a set of 1500 structures from a 600 ns explicit-solvent all-
atom MD simulation that was used in our original description of
the SRA method.”? Second, a set of 648 ubiquitin structures was
refined against NMR data using the ensemble refinement for
native proteins using a single alignment tensor (ERNST)
approach (PDB code 2KOX).”® Figures 2 and S2 (Supporting
Information) show that the SRA spectra computed from both
ensembles agree strongly with the experimental data for charge
states 6+ to 8+. We emphasize that the computed ion mobility
spectra reproduce the centers and relative widths of the
dominant, compact peaks in the experimental spectra to within
~1 to ~2%, respectively (see Table S1, Supporting Information,
for details), indicating a fraction of native contacts Q ~ 0.9 for
the compact feature of charge states 6+ to 8+ with respect to the
crystal structure (PDB code 1UBQ).* Figure 2D compares the
structures computed for charge state 7+ (solvent-free, SRA) to
the solution-phase ERNST ensemble,”® underscoring the
structural similarity between the solvent-free subpopulations
and the ubiquitin solution ensemble as probed by NMR. These
results indicate that the ubiquitin subpopulations in the absence
of a solvent are consistent with the range of ubiquitin structures
sampled in the presence of solvent. This interpretation mirrors
variable-temperature IM/MS experiments that reported on 10
native conformations of chymotrypsin inhibitor 2 (CI2) from
deconvolving broad peaks of ion mobility spectra with Gaussian
functions.”

Solvent-Free Ubiquitin Subpopulations Originate
from Distinct Solution-Phase Precursors. If the compact,
solvent-free subpopulations of ubiquitin indeed reflect the
structural heterogeneity of ubiquitin in solution, then they must
not stem from different degrees of unfolding of a shared
solution-phase precursor structure. This proposition can be
experimentally tested by mild energetic activation (CIU): If the
subpopulations originated from the same precursor structure
and were formed by mild’>*" energetic activation during
ionization and desolvation, then they should isomerize upon
mild collisional activation after elution from TIMS-1.

Hence, we selected five distinct ubiquitin subpopulations after
elution from TIMS-1 (centered at 1231, 1241, 1246, 1255, and
1261 A2, respectively, see Table S2, Supporting Information),
collisionally activated the selected subpopulations by an applied
electric field, and measured the cross sections of the activated
subpopulations in TIMS-2. The spectra reveal that the
subpopulations unfold in two steps via a partially unfolded
feature centered at ~1520 A” before an unfolded species at
~1830 A” emerges (Figure S4, Supporting Information). Figure
3 shows that more than 50% of the selected ions in each
subpopulation have unfolded at an activation voltage of 22 V
(Figure 3A, Table S2 in the Supporting Information). However,
the peak centers and peak widths of the initially selected
compact subpopulations are maintained (Figure 3B,C). Hence,
within the limits set by the TIMS-2 resolving power, the spectra
reveal no evidence for isomerization among the initially selected,
compact subpopulations. (A peak shoulder is present upon
activation by 24 V, but here, the survival yield is already ~10%.)

Taken together, these observations show that the unfolding
and isomerization of the subpopulations are distinct, non-
consecutive reactions, and, further, that the free energy barriers
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Figure 3. (A) Survival yields of ubiquitin charge state 7+
subpopulations with cross sections of 1231 and 1261 A* upon
activation by up to 35 V. Survival yield is ~50% upon activation by
22 V (traces: hill survival function fit to the data). (B,C) Peak centers
and widths of the subpopulations are maintained upon energetic
activation up to ~22 V. Hence, energetic activation of the
subpopulations centered at ~1230 and ~1260 A? does not induce
their isomerization. All cross sections were recorded in nitrogen gas.
Survival yields are calculated as the overlap between the spectrum at a
given activation voltage and that of the nonactivated spectrum.

for unfolding are lower than those for isomerization. Hence, the
most likely scenario is that the ubiquitin subpopulations
observed in the absence of a solvent originate from structurally
distinct solution-phase precursors. This view is consistent with
prior literature indicating that an ensemble of protein solution

conformations leads to an ensemble of solvent-free protein
conformations,”"*”777%81=83

Unfolding of Compact, Solvent-Free Proteins Exhibits
Stretched-Exponential Time Dependence. Our discussion
above indicates that the motions of the initially selected,
compact subpopulations are confined into disjoint regions in
configuration space. This points to a rugged energy landscape in
the solvent-free environment, which prompted us to investigate
the structural relaxation kinetics of the solvent-free ubiquitin
(sub)populations.

To this end, we mobility-selected ubiquitin ions eluting from
TIMS-1 and stored the selected ions in TIMS-2 for up to ~21 s
before recording ion mobility spectra. Figure 4 shows the
resulting time-resolved ion mobility spectra for the compact
feature of charge states 6+ and 7+. The corresponding time-
resolved spectra for the compact populations of charge state 8+
for ubiquitin are given in Figure S6 (Supporting Information).
As controls, we recorded time-resolved spectra for lysozyme
(charge state 8+), the partially unfolded feature of charge state
7+ of ubiquitin (aqueous solution, after collisional activation),
and the partially unfolded feature of charge state 8+ of ubiquitin
from acidic methanol/water (see Figures S5—S8, Supporting
Information, for details).

The time-resolved spectra show the structural relaxation of
compact ubiquitin (charge states 6+ to 8+) into a stable,
unfolded species (1800—2000 A?) proceeds via a partially
unfolded intermediate (1400—1700 A?). The unfolded and
partially unfolded species are consistent with those observed by
CIU (Figure S4 in the Supporting Information). However, a
difference to the CIU spectra is the emergence of an elongated
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Figure 4. Unfolding of compact proteins shows stretched-exponential time dependence with a stretching coefficient § of ~0.5. (A,B) Time-resolved
ion mobility spectra for ubiquitin charge states 6+ and 7+. The compact feature was selected and stored in the absence of a solvent for up to ~21 s,
showing the formation of a transiently populated intermediate at cross sections of ~1250 A” (6+) and ~1300 A (7+), respectively, before a partially
unfolded species at ~1400 A? (6+) and ~1550 A (7+), respectively, emerges. (C) Survival yields S(t) for native-like ubiquitin (6+, 7+, and 8+) and
lysozyme 8+ (filled symbols), non-native (partially unfolded) ubiquitin (7+, 8+, pink, open symbols) calculated as the overlap between the compact
feature of the mobility-selected spectrum and the spectrum after storage. SLIM measurements (cyan, open symbols) were taken from ref 31 (ubiquitin
6+) and 27 (cytochrome ¢ 7+). The traces show fitted stretched exponentials S(t) = exp[-(kt)”] underlining stretched-exponential time dependence
for the folded, compact species (ff & 0.4—0.5) but single-exponential kinetics for the denatured (partially unfolded) species (# ~ 0.8 and 0.9). (D)
Survival yields S() of compact ubiquitin subpopulations of charge state 7+ revealing a stretched-exponential time dependence of f ~ 0.5 for all

subpopulations. Cross sections were measured in nitrogen.
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Figure S. Solvent-free ubiquitin unfolds on a rugged energy landscape via a highly polarized transition state with native character on the N-terminus.
(A,B) Experimental and computed time-dependent ion mobility spectra for ubiquitin charge state 7+ (Pearson correlation coefficients range from 0.7
to 0.9). The ion abundances partition into two regions of significant intensity that are separated by a minimum of around 1400 A”. (C) Normalized
energy landscape —In w(Q,Q) compiled from MD simulations, where w(£,Q) is the number of snaphots with cross section Q and the fraction of native
contacts Q. The computed landscape partitions into two broad basins of compact (1—3; Q < 1400 A?) and partially unfolded (5, 6; Q > 1500 A?)
conformations. These two basins are connected by a “bottleneck” 4 in the computed landscape at cross sections of roughly 1460 A2 closely matching
the free energy maximum inferred from the experimental spectra at a cross section of ~1400 A% (D) Loss of native contacts during the unfolding

process from conformation 1 to 6 in (C). Nitrogen cross sections.

yet compact transient intermediate (~1250 A? for charge state
6+ and ~1300 A for charge states 7+ and 8+), discussed in the
next section. For kinetic analysis, we show the survival yields S(t)
in Figure 4C along with prior data for cytochrome ¢ and
ubiquitin recorded on structures for lossless ion manipulation
(SLIM)-type instruments.””*"

A two-state reaction results in single-exponential kinetics
according to S(t) = exp (—kt). Such exponential kinetics are
observed for the structural relaxation of the denatured (partially
unfolded) ubiquitin species, but excluded for all compact
protein species from nondenaturing conditions (Figures 4 and
S7 and S9, Supporting Information). We further discarded all
kinetic models that posit an equilibrium between the compact
and the partially unfolded species because structural relaxation
of the partially unfolded species did not produce detectable
amounts of compact ubiquitin conformations (Figure S7,
Supporting Information). A double-exponential rate law
explains S(t) with high confidence, in line with literature
reports,”> ™"’ but this leads to overfitting even for its 3-parameter
form (Figure S10, Supporting Information) and renders the
physical meaning of the fit questionable.

By contrast, high goodness of fit was achieved without
overfitting for the simpler stretched-exponential rate law S(t) =
exp [-(kt)”] with only the rate constant k and the stretching
coefficient /3 as fitting parameters (Figure 4 and Tables S3 and
S4, Supporting Information). The resulting rate constants k
increase roughly 25-fold from charge states 6+ to 8+ of
ubiquitin, as expected from literature reports.””*>*" What is
more intriguing is that the corresponding stretching coefficients
B for the compact, native-like protein systems cluster around ff# =
0.4 to 0.5, indicative of a strongly stretched-exponential
relaxation process.** By contrast, the stretching coefficients for
the denatured controls are # ~ 0.8 and f =~ 0.9, respectively,
more in line with a single-exponential, two-state reaction. Thus,
time-resolved measurements for three proteins on two distinct
IM/MS types suggest that the structural relaxation of compact,
native-like proteins is strongly stretched-exponential.

A structural relaxation process with stretched-exponential
kinetics can have two different origins.*> One scenario is that of a
rough free energy landscape with kinetic traps; the alternative
scenario is that of an ensemble of unresolved species that each
relax exponentially but with a broad distribution of rate
constants. To distinguish between these scenarios, we
characterized the relaxation process of mobility-selected
ubiquitin subpopulations with cross sections ranging from
1235 to 1267 A* (see Figure 4D and the Supporting Information
for Tables S4, S6 and Figure S12). We make two main
observations from the time-resolved spectra of the mobility-
selected subpopulations. First, all selected subpopulations
transiently populate an intermediate with a cross section of
~1300 A* before the partially unfolded species is formed
centered at ~1525 A% Further, the positions and relative
abundances of the transient intermediate at ~1300 A* and
partially unfolded species centered at ~1525 A* appear to be
comparable for all subpopulations at all trapping times. These
observations indicate that the unfolding pathways are similar for
the subpopulations. Second, fitting the survival yields S(¢) to
stretched exponentials results in stretching coeflicients f ~ 0.5
for all subpopulations, in line with the value obtained for the
entire compact population of charge state 7+ (Figure 4C and
Table S4, Supporting Information).

In sum, the unfolding of three compact protein systems,
including their subpopulations, recorded on two distinct ion
mobility/mass spectrometers showed stretched-exponential
time dependence (ff ~ 0.4—0.5). By contrast, denatured species
show single-exponential time dependence (f ~ 0.8—0.9).
Because the stretched exponential function is economical with
only two fitting parameters, it seems unlikely that the success of
fitting all of the data shown here in a consistent manner is
entirely by accident. Hence, our data are most consistent with
the view that a rugged free energy landscape leads to the
stretched-exponential unfolding of ubiquitin in the absence of a
solvent.

Stretched-Exponential Time-Dependent Relaxation
Arises from a Rugged Energy Landscape. To interpret
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Figure 6. Proposed unfolding mechanism of solvent-free ubiquitin. Loss of native contacts predominates in the first step 1 — 3 and leads to separation
of f-strands /3, and f3;. Subsequently, 3, and f3; separate from each other (3 — 5) via polarized transition state 4 that maintains native contacts at the N-
terminal region. This results in a partially unfolded, collapsed state § with native content in the N-terminal region. Shown are averaged structures

representative of the species indicated in Figure 5C.

the structural changes occurring in the time-resolved unfolding
measurements, we simulated the unfolding of compact ubiquitin
charge state 7+. To this end, we propagated each of the >1000
structures computed by the SRA for the compact feature of
charge state 7+ (Figure 2D) for 3 us at 450 K using solvent-free
MD simulations and calculated cross sections using our PSA
method for structures sampled every 2 ns. We then used the
“reactive” trajectories that reached the partially unfolded species
with cross sections >1500 A® to compute time-dependent ion
mobility spectra (Section S6, Supporting Information).

We observe a strong consistency between the experimental
and computed time-resolved ion mobility spectra (Figure SA,B;
Pearson correlation coefficients ranging from 0.7 to 0.9).
Notably, the computed spectra reproduce the main features of
the time-dependent experimental spectra: (1) a decrease of the
abundances of the initially selected compact feature; (2)
transient formation of an intermediate species with a cross
section of ~1300 A% (3) a minimum of the ion abundances for
cross sections between ~1400 and 1450 A% (4) the emergence
of a pronounced broad feature from 1450 to 1800 A?
corresponding to the partially folded species; (S) stretched-
exponential unfolding kinetics (Figure S18, Supporting
Information; stretching coefficient f ~ 0.67). The main
difference is the much shorter time scale of the simulations;
this is due to the necessity of choosing a simulation temperature
that significantly exceeds the experimental ion temperature
because current MD techniques do not allow the simulation of
reactions occurring on the ~20 s time scale (Section S6,
Supporting Information). Nevertheless, the computed spectra
reproduce all pertinent features of the experimental spectra.

Given this agreement, one can use the simulations to
determine the motions of the structural transitions in the
experimental spectra. To this end, we approximated an energy
landscape from the simulations as —In w(£,Q), where w(€,Q) is
the number of snapshots with cross section € and fraction of
native contacts Q (Figure SC and Section S6, Supporting
Information). We then extracted the structures associated with
species 1 to 6 indicated in Figure SC and analyzed their native
contacts for the different secondary structure regions of
ubiquitin (Figure SD, secondary structure elements are defined
in Figure S3, Supporting Information). For the sake of clarity, we
illustrate the main steps of the proposed unfolding pathway in
Figure 6.

Taken together, our data suggest the following pathway for
the unfolding of ubiquitin in the absence of a solvent (Figures
SD and 6). First, the C-terminal f8-strand separates from the N-
terminal f-hairpin, while the N-terminal f-hairpin and a-helix
remain strongly native. This occurs via several steps and leads to
intermediate species 3 with a cross section of ~1300 A% This

species maintains an overall compact structure (AQ < 5%) ata
significant loss of native contacts (AQ = 0.5). Hence, the
intermediate species that emerges in the experimental data after
several seconds at ~1300 A’ (Figures 4B, SA, and SI2,
Supporting Information) is most likely non-native. Next, the
C-terminal f;-strand separates from the f,-strand, whereas the
N-terminal f-hairpin and a-helix remain strongly native. This
leads across a broad energy barrier 4 associated with a
substantial increase in cross section and connects to the basin
of partially unfolded conformations S with cross sections of
~1550 A% This energy barrier explains the minor experimental
abundances around ~1400 A’ and the intensity of partially
unfolded conformations with cross sections between 1450 and
1800 A% Subsequently, native contacts are lost in the N-terminal
P-hairpin while maintaining an overall collapsed state with a
partially native @-helix in proximity to the N-terminal f-hairpin.
Finally, this collapsed state can unfold to conformations with
strongly elongated ubiquitin polypeptide chains (Figures S4 and
S7, Supporting Information; note that this occurs on a time scale
beyond the 21 s available for our measurements of charge states
6+ and 7+).

Several observations deserve comment. First, the consistent
interpretation of our computational and experimental data is
that the initially produced, compact ubiquitin species exists
essentially as a native fold with the f-grasp motif and a-helix
intact. Second, the denaturation (loss of native contacts Q, 1 —
3) and unfolding of the polypeptide chain (3 — S) are projected
to be separate, consecutive events. Hence, preventing protein
unfolding in IM/MS measurements may not per se indicate
native-like structures. Third, because Q correlates with the
enthalpic stabilization of the polypeptide chain and the cross
section  (compactness) is a measure for its configurational
entropy,”® our data suggest the initial denaturation 1 — 3 is
impeded by an increase in enthalpy, whereas the unfolding 3 —
5 is driven mainly by a gain in entropy (Table S8, Supporting
Information). Hence, increasing the activation enthalpy for
denaturation 1 — 3, such as by sequestering surface-exposed
side-chains by bulky ligands®* or salts,” appears to stabilize
solvent-free proteins close to their native structures. Fourth, the
proposed “inside-out” structure®” is not observed: in line with
other proteins,”® the ubiquitin surface is already strongly
hydrophobic in solution (~50%), which our data suggest
increases to ~70% for the solvent-free species 6 (Table S9,
Supporting Information). Finally, our observations parallel
results from variable-temperature IM/MS that showed native
(solution) CI2 conformations were enthalpically stabilized,
whereas denatured (solution) conformations are favored
entropically.”
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Ubiquitin Unfolds through a Polarized Transition
State, Regardless of the Solvent. Our analysis indicates
that ubiquitin unfolding in the solvent-free environment shares
many characteristics with those established for the presence of
solvent:*~*°>>> (1) unfolding of ubiquitin starts by the
separation of the C-terminal fB-strand from the scaffold of
ubiquitin, and this step occurs on the folded side of the transition
state. (2) The transition state appears polarized with a
predominant native structure in the N-terminal region of the
P-hairpin and the a-helix. In contrast, the remainder of the
polypeptide chain does not exhibit a strongly native character.
(3) At the unfolded side of the transition state, a collapsed state
maintains a nucleus by closely packing the N-terminal $-hairpin
and a-helix, both with some extent of native character. (4)
Mirroring our observation of a transient intermediate 3 with
significantly reduced native f-content (Figures S and 6), 2D IR
spectroscopy detected an on-pathway folding intermediate
located between the folded state and the unfolding transition
state, showing disrupted f-content.” (5) The folded state seems
favored by enthalpic stabilization due to native contacts, whereas
the unfolded state appears favored by entropy.”' Nevertheless, a
major difference appears to be the unfolding rate, which is
approximately 800 to 20,000 times faster in the presence of
water (kﬁlzo ~ 620 s~ vs k, ~ 0.03 to ~0.8 s™* for charge states
6+ to 8+, see Table S3, Supporting Information),*” effectively
quenching the unfolding in the absence of a solvent.

Our data thus indicate that the unfolding of ubiquitin, a large-
scale motion that significantly alters the protein shape, is similar
in the presence and absence of a solvent, albeit much slower.
Hence, our data here suggest (1) that the solvent determines the
free energy differences between the folded and unfolded states
and activates their isomerization rates; and (2) that structural
events in the folding of ubiquitin are at least partially encoded by
its amino acid sequence.

These considerations appear intriguing considering the
established view that slow protein motions involving shape
changes are driven by the so-called a-relaxation of the solvent:
such protein motions exhibit the same non-Arrhenius temper-
ature-dependence and nonexponential time-dependence as the
rate of the solvent fluctuations, depend noticeably on solvent
viscosity, and are absent when the protein is embedded in a solid
or dehydrated.">'””°~"> We explain this apparent deviation
from the established view by the fact that prior work measured
the protein dynamics of dehydrated proteins in bulk, i.e., within a
solid surrounding that sterically hampers protein motions that
induce large-scale shape changes. By contrast, our experiments
characterize the protein dynamics of individual, solvent-free
proteins embedded in a dilute gas where no such hampering
occurs. Our analysis supports the view”” that solvent facilitates,
rather than controls, protein motions.

Glassy Behavior of Solvent-Free Proteins. Finally, we
draw some analogies between solvent-free proteins and glass.
First, the properties of glass depend on history, that is, on the
details of how the glass was formed. This also applies to solvent-
free proteins in IM/MS: the observed collision cross sections
and charge states depend on the history of how the solvent-free
protein was generated in the IM/MS experiment.”"”>*>*°
Second, a glass is in a nonequilibrium state and relaxes toward
the state of thermodynamic equilibrium on a time scale that is
longer than the observation time. This also applies to solvent-
free proteins in IM/MS: a folded, solvent-free protein is
quenched into a nonequilibrium state and spontaneously relaxes
toward a thermodynamically (more) stable state, as demon-

strated by time-dependent IM/MS measurements shown here
and elsewhere.>™*"*! For “soft” IM/MS measurements, the
relaxation process is too slow to be observed on typical
measurement time scales.””*~>! Third, near and above the glass
temperature, the fluctuations of a glass are dominated by the a-
relaxation and exhibit non-Arrhenius temperature dependence
and nonexponential time dependence.”* The underlying cause
of this behavior is a rugged energy landscape, with a plethora of
conformational states and energy barriers separating them. This
leads to metastable, long-lived intermediates when the thermal
energy is insufficient to allow for effective sampling of the entire
configuration space. The result is a stretched-exponential time-
dependence with a stretching coeflicient § around ~0.3 to ~0.6
for molecular and polymeric glasses.”* As shown in our
discussion above, these considerations also apply to folded,
solvent-free proteins: their structural relaxation occurs on a
rugged energy landscape and involves metastable intermediates,
producing stretched-exponential time-dependent relaxation
with stretching coefficients  of ~0.5.

These considerations suggest that the energy landscape
governing the motions of folded, solvent-free proteins resembles
a glassy system. Hence, it appears beneficial to apply the
concepts developed for glassy systems to describe the dynamics
of solvent-free protein systems.

Bl CONCLUSIONS

We characterized ubiquitin unfolding in the absence of a solvent
by a combination of computational and experimental ion
mobility/ion mobility/mass spectrometry methods. To this end,
we experimentally partitioned solvent-free, folded ubiquitin ions
into subpopulations (Figure 2) and probed their CIU (Figure 3)
and time-resolved structural relaxation processes (Figure 4). We
computed ion mobility spectra for comparison to the experi-
ments and proposed the structural changes governing the
unfolding of solvent-free ubiquitin (Figures S and 6). Our
analysis, summarized in Figure 7, suggests:
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Figure 7. Energy landscapes summarize our analysis of the unfolding of
solvent-free ubiquitin. Different solution conformers (a, a’) populate
different solvent-free subpopulations (b, b’, Figures 2 and 3). The
solvent-free subpopulations undergo stretched-exponential structural
relaxation on a rugged energy surface, becoming non-native (c, Figures
4 and S). The unfolding transition state (d, Figures S and 6) appears
highly polarized with native content at the N-terminus, as proposed for
the presence of solvent.

(1) Folded, solvent-free ubiquitin observed by IM/MS exists
in a largely native structure with an intact f$-grasp motif
and a-helix.

(2) The folded, solvent-free ubiquitin subpopulations ob-
served by IM/IM/MS reflect the structural heterogeneity
of ubiquitin in solution.
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(3) The structural relaxation of folded, solvent-free ubiquitin
exhibits a strongly stretched-exponential time depend-
ence caused by a rugged free energy landscape with kinetic
traps. The energy landscape governing the motions of
folded, solvent-free ubiquitin resembles the energy
landscape of a glassy system.

(4) The denaturation (loss of native contacts) and unfolding
of the solvent-free ubiquitin polypeptide chain appear to
be separate, consecutive events.

(5) The proposed unfolding pathway of solvent-free ubiquitin
shares substantial characteristics with that established for
the presence of solvent, including a polarized transition
state with significant native content in the N-terminal f-
hairpin and a-helix. Regardless of solvent, the folded state
appears favored by enthalpic stabilization due to native
contacts, whereas the unfolded state appears entropically
favored. Unfolding rate constants appear to be roughly
800 to 20,000 times faster in the presence of water than in
the absence of a solvent.

Taken together, our analysis supports the notions that (1)
large-scale protein motions may at least partially be determined
by the amino acid sequence of a polypeptide chain; and (2)
solvent facilitates, rather than controls, protein motions.

How do our findings extrapolate to other proteins? Ubiquitin
is a small, globular protein with a well-defined hydrophobic core
and limited structural flexibility in its native state. The data
shown in Figure 4 indicate that our results on ubiquitin should
extrapolate in a straightforward manner to similar proteins such
as lysozyme and cytochrome c. However, the results presented
here raise questions about proteins with more complex kinetic
mechanisms™ or proteins with solvent molecules directly
involved in their structures.”””” The enzymatic activity of
ribonuclease A, for example, depends on the transition between
an open and a closed conformation and their perturbations upon
substrate binding.”® Our results on ubiquitin do not allow
extrapolation on whether such transitions can be retained in a
solvent-free environment. Nevertheless, we emphasize that (1)
large-scale protein motions often occur on the millisecond time
scale and thus have larger activation energies than the
submillisecond structural transitions of native ubiquitin, and
(2) we observed buried solvent molecules for the protein
complex avidin in the solvent-free environment.”’ Hence,
although we cannot directly extrapolate our results on ubiquitin
to these more complex protein systems, our technical
approaches described here can be expected to address these
questions in future studies.
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