Metastability of Protein Solution Structures in the
Absence of Solvent: Rugged Energy Landscape and

(Glass-Like Behavior

Tyler. C. Cropley"®?, Fanny. C. Liu'?, Mengqi Chai'*, Matthew F. Bush’?, Christian

Bleiholder'>*

! Department of Chemistry and Biochemistry, Florida State University, Tallahassee, FL 32304,
USA

2 University of Washington Department of Chemistry, Box 351700, Seattle, WA 98195-1700

3 Institute of Molecular Biophysics, Florida State University, Tallahassee, FL 32304, USA

# current address: Department of Chemistry, Washington University in St. Louis, St. Louis,
Missouri 63130, United States

b current address: Proteomics Laboratory, Division of Advanced Research Technologies, New

York University Grossman School of Medicine, New York, NY 10016, United States.

} these authors contributed equally
*to whom correspondence should be addressed:

cbleiholder@fsu.edu

Christian Bleiholder

Florida State University

Department of Chemistry and Biochemistry
Tallahassee, FL 32304

https://doi.org/10.26434/chemrxiv-2023-q09db ORCID: https://orcid.org/0000-0002-4211-1388 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


mailto:cbleiholder@fsu.edu
https://doi.org/10.26434/chemrxiv-2023-q09db
https://orcid.org/0000-0002-4211-1388
https://creativecommons.org/licenses/by-nc-nd/4.0/

1. Tyler. C. Cropley, Florida State University, Tallahassee, Florida 32304, United States,

Email: tyler.cropley@nyulangone.org, ORCID: 0000-0003-2804-25535.

current address: Proteomics Laboratory, Division of Advanced Research Technologies,

New York University Grossman School of Medicine, New York, NY 10016, United States

2. Fanny Caroline Liu, Florida State University, Tallahassee, Florida 32304, United States,

Email: fliu@fsu.edu, ORCID: 0000-0003-1403-7114

3. Mengqi Chai, Florida State University, Tallahassee, Florida 32304, United States,
Email: chaim@wustl.edu, ORCID: 0000-0002-6363-0216
current address: Department of Chemistry, Washington University in St. Louis, St. Louis,

Missouri 63130, United States.

4. Matthew F. Bush, University of Washington Department of Chemistry, Box 351700,
Seattle, WA 98195-1700, United States

Email: mattbush@uw.edu, ORCID: 0000-0003-3526-4973

5. Christian Bleiholder, Florida State University, Tallahassee, Florida 32304, United

States, Email: cbleiholder@fsu.edu, ORCID: 0000-0002-4211-1388

https://doi.org/10.26434/chemrxiv-2023-q09db ORCID: https://orcid.org/0000-0002-4211-1388 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


mailto:tyler.cropley@nyulangone.org
mailto:fliu@fsu.edu
mailto:mattbush@uw.edu
mailto:cbleiholder@fsu.edu
https://doi.org/10.26434/chemrxiv-2023-q09db
https://orcid.org/0000-0002-4211-1388
https://creativecommons.org/licenses/by-nc-nd/4.0/

ABSTRACT

Despite the significance of differentially modified proteins (proteoforms) to human health, it
remains challenging to identify how proteoforms alter protein structural dynamics and function.
Although native ion mobility/mass spectrometry is well-suited to handle proteoform
heterogeneity, it characterizes protein structures in the absence of solvent. This raises long-
standing, unanswered questions about the biological significance of structures identified through
ion mobility/mass spectrometry. Using newly developed computational and experimental ion
mobility/ion mobility/mass spectrometry methods, we investigate the structural denaturation of the
protein ubiquitin in the solvent-free environment. We show that ubiquitin exists in the absence of
solvent as an ensemble of kinetically stable subpopulations that are separated by substantial free
energy barriers. These subpopulations unfold but do not interconvert, which indicates that the
solvent-free subpopulations originate from different solution-phase conformations. The
subpopulations exhibit stretched-exponential denaturation kinetics consistent with a glass
transition associated with separating the C-terminal B-strand from the N-terminal B-hairpin
occurring on the folded side of the unfolding transition state. Our data indicate that this transition
state is highly polarized with significant native content in the N-terminal B-hairpin and a-helix,
resembling the transition state reported for the presence of a solvent. Taken together, our analysis
suggests that ubiquitin in the solvent-free environment reflects the conformational ensemble of
ubiquitin in solution because the initially formed solvent-free state of ubiquitin appears glass-like

and “melts” over several seconds.
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Introduction

Proteins and their complexes derive their biological function from the structures they adopt and
the motions through which they interconvert. While 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.>”>

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”). A typical
mammalian cell contains approximately one million distinct primary structures of proteins
(proteoforms)® due to mechanisms such as post-translational modifications of proteins.” Altered
protein primary structures can change protein interaction networks and trigger disease
phenotypes,® as observed for RAS-related proteoforms implicated in cancer.”!' Therefore,
elucidating how proteoforms differ in structure and dynamics is essential for understanding
cellular function and dysfunction.

Mass spectrometry methods are well-suited to handle the heterogeneity arising from proteoforms
or assembly steady-states and exhibit sufficient sensitivity, sample throughput, and dynamic range
to enable systematic measurements of proteomes.'*'* When combined with ion mobility
spectrometry, these methods can characterize protein structures by their collision cross sections. '
Such native ion mobility/mass spectrometry (IM/MS) 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.!®2° However, native IM/MS characterizes protein structures without

solvent. Because solvent molecules stabilize proteins in their native state through the hydrophobic
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effect,?! proteins may adopt additional, non-native conformations during IM/MS analysis. For
example, proteins adopt non-native, kinetically stable structures upon energetic activation,?? and
the peaks from native IM/MS measurements are typically much broader than expected for a single
conformer.”* These considerations underline that the lack of solvent raises long-standing,
unaddressed questions about the extent to which IM/MS reveals biologically relevant protein

structures.?*
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Figure 1. Energy landscapes describing protein (un)folding in the presence (blue dashed trace) and the absence (red
solid trace) of solvent. In the presence of solvent, equilibrium exists between a folded (native) state F of a protein and
a denatured (non-native) state D. Removal of solvent shifts the barrier and free-energy profile along the unfolding
coordinate and renders the folded state F less stable than the denatured state D. The consequence is a structural
relaxation process of a folded protein towards the (non-native) unfolded state in the solvent-free environment.
Following microscopic reversibility, we discuss the relationship between the solvent-free and solvent-present protein

energy landscapes.

Protein denaturation upon removal of solvent is represented by the simplified free-energy
profiles in Figure 1. In the presence of solvent, equilibrium exists between a folded (native) state
of a protein and an unfolded (non-native) state. 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. The consequence is a structural relaxation process following Arrhenius-type,
single-exponential kinetics of a folded protein towards the (non-native) unfolded state in the

solvent-free environment. It is empirically established that folded protein structures can be
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metastable in the absence of solvent, >

especially when larger protein systems are studied under
gentle measurement conditions and for brief measuring times. The origin of the barriers in the
solvent-free environment and strategies to increase them has garnered significant attention. For
example, the complexation of charged residues on the protein surface by residual solvent®® or
crown ethers”*® has been proposed to prevent destabilizing interactions with the protein backbone.
However, exoglycanase variants lacking charged residues exhibit gas-phase barriers comparable
to wild-type that has charged surface residues and the stability of green fluorescent protein variants
in the solvent-free environment appears to increase with the number of charged residues.*”
Furthermore, the contributions of entropic or enthalpic components to the energy barriers remain
underexplored nor is it established how closely the metastable structures correspond to the protein
native state. These gaps in understanding are significant because as a result it remains unclear how
meaningful the protein structures identified by IM/MS are to study biological questions.

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 non-covalent contacts and changes in the configurational
entropy during folding.>*! The position of the energy barrier on the folding coordinate determines

42-45

the native-ness of the transition state ensemble, which can be polarized with native structure

present only in a subset of the protein chain. Additionally, scenarios have been discussed***® i

n
which protein motions are confined to small regions in configuration space with glass-like
properties of the protein.*’*® A comparable level of understanding has not yet been accomplished
for protein (un)folding in the absence of solvent. However, experimental evidence suggesting
glass-like properties are available such as multi-exponential kinetics of protein unfolding and the

observation of kinetic intermediates.?’ 2%
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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 and characterize their specific time-resolved and energy-resolved denaturation
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 heterogeneity at the ~50 ps time scale
regime.”®> Hence, ubiquitin is simple enough that unfolding in the absence of solvent can be
rigorously compared to that established in the presence of solvent. Yet, it is a sufficiently
comprehensive system that the results learned may be generalizable to other protein systems.
Taken together, our data indicate that ion mobility/mass spectrometry reflects the conformational
ensemble of ubiquitin present in solution because the initially formed solvent-free state of ubiquitin
resembles appears glass-like and “melts” over several seconds.

Experimental and Computational Details

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 5 uM with 1 vol% acetic acid (pH
3.5). Lysozyme was desalted and diluted into 200 mM ammonium acetate (pH 6.5) to a final
concentration of 5 pM.

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
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tandem-TIMS-QqTOF instrument (tandem-TIMS/MS, see Figure S1, Supporting Information)
described elsewhere,”® constructed from the coupling of two independently controlled and
differentially pumped prototype TIMS2-%* devices to a QqTOF mass spectrometer. Samples were
infused into the electrospray ionization (ESI) source in positive ion mode through a gastight
syringe (Hamilton, 250uL) 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 under these conditions has been extensively demonstrated.***%%~"2 Jons
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. 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).343068.69.73 Time-resolved measurements can further be carried out by holding the trapping
potential in TIMS-2 constant for up to ~21 seconds as described.’®’* Subsequently, ions are
mobility-separated in TIMS-2. Ion mobilities and collision cross sections were calibrated as

d75777

describe using perfluorophosphazenes contained in Agilent ESI tuning mix using reported

reduced ion mobilities.”®”® The error of the calibrated cross-sections is typically less than 1 %.7%”
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®!"3? force field as described.** The

charge states observed in the experiment were attained by (de)protonating solvent accessible acidic
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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 ps at
450 K and stored snapshots for further analysis every 2 ns. Overall, roughly 3,000,000 collision
cross-sections were computed using our projection superposition approximation (PSA)*-¢ for

nitrogen gas.}” More details are found in Section S5 (Supporting Information).

Results and Discussion

Solvent-free, compact ubiquitin subpopulations reflect the structural heterogeneity of the

native state.
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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 aqueous solution at pH 3.5. (B) Ion mobility spectrum for charge state 7+ showing a dominant,
compact feature (black trace). lon 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 ms to ~200 ms time scale of the tandem-TIMS/MS
experiments. All cross sections recorded in nitrogen buffer gas. (D) Comparison between the NMR-refined ubiquitin

solution ensemble and the computed ensemble for solvent-free ubiquitin (SRA).

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 electrosprayed from aqueous
solution at pH 3.5 (Figure 2) where its native state prevails. In line with prior literature,3*70-87:88
the corresponding ion mobility spectra show a main compact feature with collision cross sections
centered at 1186 A2 (6+), 1237 A2 (7+), and 1275 A? (8+), respectively (see Figure 2, Figure S2
and Table S1 in the Supporting Information). The full-width-half-maxima of the dominant,
compact peaks range from 44 A% to 66 A2, This is significantly broader than expected from the
instrumental resolving power and indicates unresolved conformers. Indeed, and consistent with
prior literature,?® the broad features can be partitioned into a set of subpopulations with different
collision cross sections that do not equilibrate on the ~100 ms to ~200 ms time scale of the tandem-
TIMS/MS experiments (Figure 2C). This means that these subpopulations differ in their structures
and that structural differences are maintained for the measurement time scale.

To interpret the structure of ubiquitin in the solvent-free environment, we compared the
experimental spectra to theoretical spectra computed using our structure relaxation approximation

(SRA, see Figure 2 and Figure S2 in the Supporting Information).**%° The SRA computes ion

mobility spectra from an ensemble of protein solution structures by simulating the structural
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relaxation process the protein undergoes in the absence of 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 used in our original description of the SRA method.** Second, a set of 648 ubiquitin
structures refined against NMR data using the ensemble refinement for native proteins using a
single alignment tensor (ERNST) approach (PDB code 2K0X).%’ 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,®
underlining 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 solvent are consistent with the range of ubiquitin structures sampled in the presence
of solvent.

Solvent-free ubiquitin subpopulations originate from distinct solution-phase precursors.

11
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Figure 3. Interconversion of ubiquitin subpopulations requires more energy than their unfolding. (A) Compact feature
of charge state 7+. (B)-(I) Traces showing mobility-selected subpopulations of the compact peak at activation voltages
ranging from 0 V to 35 V. Collisional activation induces unfolding of the subpopulations but not their inter-conversion
(B-E). The first intermediate species common to the unfolding of the subpopulations is a partially unfolded species
centered at ~1520 A2 (D-F). Hence, the initially selected subpopulations do not represent distinct intermediates on a

common unfolding pathway. All cross sections recorded in nitrogen gas.

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
probing if the subpopulations interconvert upon energetic activation: If the subpopulations
originated from the same precursor structure and represent different stages of its denaturation, then
they would be expected to interconvert upon activation. Hence, we selected five distinct ubiquitin

subpopulations after elution from TIMS-1 (centered at 1235 A2, 1243 A2, 1248 A2, 1255 A2, and

12
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1263 A?, respectively, see Table S4, Supporting Information), collisionally-activated the selected
subpopulations by an applied electric field and measured the cross sections of the activated
subpopulations in TIMS-2 (Figure 3).

Three observations in Figure 3 are worth commenting on. (1) The subpopulations unfold in
essentially two steps via forming a partially unfolded feature centered at ~1520 A2 before an
unfolded species centered at ~1830 A? is formed. This observation indicates the subpopulations
unfold mechanistically in a similar fashion. (2) The initially selected, compact subpopulations do
not interconvert upon energetic activation. Instead, they unfold. For example, more than 50 % of
the selected ions in each subpopulation have unfolded at an activation voltage of 22 V, but the
initially selected compact subpopulations maintain their cross-section differences. This means that
their unfolding and interconversion are distinct reactions. Further, the energy barriers for unfolding
are lower than their energy barriers for interconversion. (3) The first common intermediate in the
unfolding of the subpopulations is the partially unfolded species centered at ~1520 A2 This
indicates that the structural differences between the precursors are lost once the common unfolding
intermediate centered at ~1520 A2 has been formed. Taken together, these observations show that
the selected subpopulations do not represent different degrees of denaturation of a shared precursor
species in the solvent-free environment. Hence, the most likely scenario is that the subpopulations
observed in the absence of solvent originate from structurally distinct solution-phase precursors.

Stretched-exponential unfolding kinetics suggest a glass-like state of folded, solvent-free
ubiquitin.

Our discussion above shows that the subpopulations are separated by energy barriers sufficiently
high so that their interconversion requires more energy than their unfolding. This indicates that the

free energy barriers confine the molecular motions of the subpopulations into disjoint regions in

13
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9091 \where

configuration space. This notion is reminiscent of amorphous solids or glassy materials,
energy barriers locally confine motions in configuration space and render transitions between
components too slow to occur on the observation time scale.

Because structural relaxation processes of glassy systems exhibit stretched-exponential time-
dependent characteristics,>°%’! the above considerations prompted us to investigate the kinetics of
the structural relaxation process of the ubiquitin (sub)populations in the solvent-free environment.
To this end, we mobility-selected ubiquitin ions eluting from TIMS-1 and stored the selected ions
in TIMS-2 for up to ~21 seconds before recording ion mobility spectra. Figure 4 shows time-
resolved ion mobility spectra recorded by trapping compact ubiquitin for charge states 6+ and 7+
for up to ~21 seconds in TIMS-2. The corresponding time-resolved spectra for the compact
populations of charge state 8+ for ubiquitin are given in Figure S5 (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 to S7, Supporting Information, for details).
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Figure 4. Unfolding of compact protein species follows stretched-exponential kinetics with a stretching coefficient 3
of ~0.5 consistent with glasses. (A, B) Time-resolved ion mobility spectra for ubiquitin charge states 6+ and 7+ (black
traces). The compact feature (gray trace) was selected and stored in the absence of solvent for up to ~21 s, showing
the formation of a transiently populated intermediate at cross sections of ~1250 A? (6+) and ~1300 A2 (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+, 8+) and lysozyme 8+ (filled symbols), non-native (partially
unfolded) ubiquitin (7+, 8+, pink, open symbols) obtained from the overlap between the compact feature of the

mobility-selected spectrum and the spectrum after storage. SLIM-measurements (cyan, open symbols) taken from
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references # (ubiquitin 6+) and ?° (cytochrome ¢ 7+). Note the logarithmic y-sale. The curves show fitted stretched

exponentials S(t) = e~ (kOF underlining stretched-exponential relaxation for the folded, compact species (f = 0.4 -
0.5) but Arrhenius-type single-exponential kinetics for the denatured (partially unfolded) species (8 = 0.8 and 0.9).

All cross sections recorded in nitrogen buffer gas.

The time-resolved spectra (Figures 4 and S5, Supporting Information) show the structural
relaxation of compact ubiquitin (charge states 6+ to 8+) into a stable, unfolded species (1800 A? -
2000 A?) via a partially unfolded intermediate (1400 A2 - 1700 A?). The unfolded and partially
unfolded species are consistent with those observed by CIU (Figure 3). However, a difference to
the CIU spectra is the emergence of an elongated yet compact transient intermediate (~1250 AZ
for charge state 6+ and ~1300 A? for 7+ and 8+) discussed in detail in the next section.

We first tested if the structural relaxation of the compact ubiquitin ions exhibits exponential
time-dependent characteristics. Figure 4C shows the survival yields S(t) for the compact features
of ubiquitin charge states 6+ to 8+ upon storage for up to ~21 s in TIMS-2. As negative controls,
we plot S(t) for partially unfolded ubiquitin conformations produced from acidic aqueous
methanol and upon collisional activation of the compact species, respectively. As positive controls,
we show S(t) for lysozyme (charge state 8+) and prior data for cytochrome ¢ and ubiquitin
recorded on 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 (see Figure 4 and Figure S6, Supporting
Information), but excluded for all compact protein species from non-denaturing conditions (see
Figure S8, 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 within the ~21 s measurement time scale (see Figure S6, Supporting Information).
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In line with literature reports,”’2° S(t) can be fit to a double-exponential rate law at high
confidence, but this leads to overfitting even for its 3-parameter form (see Figure S9, Supporting
Information). By contrast, high goodness of fit was achieved without overfitting for the simpler
stretched-exponential rate law S(t) = exp[—(kt)ﬁ ] with only the rate constant k and the
stretching coefficient f as fitting parameters. The resulting rate constants & increase roughly 25-
fold from charge states 6+ to 8+ of ubiquitin (see Table S5, Supporting Information), as expected
from literature reports.>>**° What is more intriguing is that the corresponding stretching
coefficients f§ for the compact, native-like protein systems cluster around § = 0.4 to 0.5, indicative
of a strongly stretched-exponential relaxation process. By contrast, the stretching coefficients for
the denatured controls are f~0.8 and [=0.9, respectively, more in line with Arrhenius-type
kinetics. Thus, time-resolved measurements for three proteins on two distinct types of ion
mobility/mass spectrometers 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.”? For a scenario of glass-like protein ions, the structural relaxation process occurs on a
rough free energy landscape with kinetic traps due to “molecular frustration” and each ion
structurally relaxes in a stretched-exponential manner. The alternative scenario is that of an
ensemble of unresolved protein ions that each react exponentially but with a broad distribution of
rate constants. Hence, we further probed the origin of the observed stretched-exponential
relaxation kinetics by characterizing the relaxation process of mobility-selected ubiquitin
subpopulations with cross sections ranging from 1235 A? to 1263 A? (see Figure 5 and the

Supporting Information for Table S4 and Figures S11, S12).

17

https://doi.org/10.26434/chemrxiv-2023-q09db ORCID: https://orcid.org/0000-0002-4211-1388 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-q09db
https://orcid.org/0000-0002-4211-1388
https://creativecommons.org/licenses/by-nc-nd/4.0/

Ai235 42 fn 1263 A2
N O

1.7s

normalized abundances
S
w

1100 1250 1400 1550 1700 1850 2000
cross section / A2

T
5 .10 15 20
time/s

Figure 5. Ubiquitin subpopulations follow stretched-exponential kinetics with a stretching coefficient f~0.5. (A)
Time-resolved ion mobility spectra for ubiquitin charge state 7+ subpopulations centered at 1235 A? (red trace) and
1263 A? (black trace). The selected distributions maintain their cross-section differences for up to ~2 s. All
subpopulations transiently populate a compact species with a cross-section of ~1300 A2 before forming the partially
unfolded species, and relative abundances of the partially unfolded species are comparable. (B) Survival yields S(¢) of
the compact features for the selected subpopulations as a function of the storage time. The data show that all

subpopulations unfold in stretched-exponential kinetics with $~0.5. All cross sections recorded in nitrogen buffer gas.
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We make three observations from the time-resolved spectra of the mobility-selected
subpopulations plotted in Figure 5. First, all selected subpopulations transiently populate an
intermediate with a cross-section of ~1300 A? before forming the partially unfolded species
centered at ~1525 A2, Further, the positions and relative abundances of the transient intermediate
at ~1300 A? and partially unfolded species centered at ~1525 A? appear comparable for all
subpopulations at all trapping times. These observations indicate that the unfolding pathway and
kinetics are similar for the subpopulations. Second, structural differences of the selected
subpopulations are maintained for approximately 2 s, and interconversion of the subpopulations
before their respective unfolding is not observed. Finally, fitting the survival yields S(t) to
stretched exponentials results in stretching coefficients  ~ 0.5 consistent with the value obtained
for the entire compact population of charge state 7+ (Figure 5B). Hence, our data are most
consistent with the view that unfolding occurs on a rough free energy landscape that results in
stretched-exponential unfolding kinetics.

We observed stretched-exponential structural relaxation for three protein systems recorded on
two distinct ion mobility/mass spectrometry platforms. By contrast, we found Arrhenius-type,
exponential relaxation kinetics for structural relaxation of denatured species. The fitted stretching
coefficients f cluster around 0.4 to 0.5 for stretched-exponential kinetics for three protein systems
and several charge states recorded on two instrument types. These values for the stretching
coefficients [ are similar to the expected value of f =3/7 for glasses influenced by Coulombic
interactions.”® Hence, the fitted values for 8 of roughly 0.4 to 0.5 seem reasonable for the structural
relaxation of charged protein systems in a glass-like state. Because the stretched exponential
function is economical with only two fitting parameters, it seems unlikely that the success of fitting

all data shown here in a consistent manner is entirely by accident. Hence, our data strongly support
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a scenario of a glass transition occurring between the initially present compact ubiquitin states and
the partially denatured state.

Ubiquitin unfolds through a polarized transition state, regardless of solvents.

A experimental spectra
1040 ’ D proposed sequence of main events during unfolding
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Figure 6. Solvent-free ubiquitin unfolds on a rugged energy landscape via a highly polarized transition state with
native character on the N-terminus. (A) Time-dependent ion mobility spectra for storage of charge state 7+ up to ~21
s (from Figure 4B, superimposed). The experimental ion abundances partition into two regions of significant intensity
that are separated by a minimum of ion abundances around 1400 A2. (B) Energy landscape W (Q, Q) = —Inw((, Q)
compiled from MD simulations where w({Q, Q) is the number of structures encountered at cross-section {2 and fraction
of native contacts Q. The computed landscape mirrors the experimental data showing two broad basins associated

with compact (Q < 1400 A?) and partially unfolded (Q > 1500 A?) conformations. These two basins are connected by
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a “bottleneck” in the computed landscape at cross sections of roughly 1460 A2 closely matching the free energy
maximum inferred from the experimental spectra at cross section of ~1400 A2, (C) The fraction of native contacts for
different secondary structure elements of ubiquitin for the minima found in the energy landscape W (€, @), showing
that the C-terminus separates (1, 2, 3) from the N-terminus on the folded side of the transition state (4). The a-helix
retains native content and proximity to the N-terminal B-region on the denatured side of the transition state (5, 6). (D)
The proposed sequence of events of ubiquitin unfolding in the solvent-free environment based on the energy landscape

shown in (B). All cross sections recorded in nitrogen buffer gas.

To interpret the structural changes occurring in the time-resolved unfolding measurements, we
probed the structural relaxation process of compact ubiquitin charge state 7+ using MD simulations
(Figure 6). 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 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 A2
to approximate an energy landscape describing the structural relaxation process (Figure 6B). We
represented the sampled structures by their fraction of native contacts, @, and collision cross-
section (). The fraction of native contacts, Q, correlates roughly with the enthalpic stabilization of
the polypeptide chain by native non-covalent interactions, whereas the collision cross section
enables direct comparison to the experimental spectra and is a measure for the compactness, and
therefore the configurational entropy, of the polypeptide chain.

We observe a strong consistency between the experimental time-resolved spectra (Figure 6A)
and the energy landscape compiled from the unfolding simulations (Figure 6B). First, the ion
abundances in the measured spectra can be broadly partitioned into two regions of significant
intensity that are separated by a minimum of ion abundances around 1400 A2 Hence, ubiquitin

structures with cross sections around 1400 A? appear less stable than those smaller or larger than
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~1400 A%. The experimental spectra thus indicate a maximum in the free energy for ubiquitin
conformations with cross sections around 1400 A2, which separates “compact” conformations (£
< 1400 A?) from “partially unfolded” conformations ( > 1400 A?). The computed energy
landscape mirrors these experimental observations, showing two broad basins associated with
compact ( < 1400 A?) and partially unfolded (Q > 1500 A?) conformations. Further, these two
basins are connected by a “bottleneck™ in the computed energy landscape at cross sections of
roughly 1460 A2, closely matching the free energy maximum inferred from the experimental
spectra at cross sections of ~1400 A2. Second, the abundance maximum in the compact basin shifts
from ~1250 A%to ~1300 A? over several seconds in the experimental spectra. This means ubiquitin
unfolds in the solvent-free environment via a transient population of intermediate conformations
with a roughly 3 % to 5 % larger cross section before reaching the free energy maximum at ~1400
AZ. This observation is reproduced by the computed energy landscape showing a local minimum
at ~1300 A? on-pathway to the partially unfolded basin.

The observed agreement between the experimental and computed data allows us to identify the
motions describing the structural transitions in the experimental spectra from the simulations.
Taken together, our data suggest the following pathway for unfolding of ubiquitin in the absence
of solvent (Figures 6C, 6D): First, the C-terminal 3-strand separates from the N-terminal -hairpin
while the N-terminal B-hairpin and a-helix remain strongly native. This leads to the intermediate
species with a cross-section of ~1300 A2, maintaining an overall compact structure (AQ < 5%) at
a significant loss of native contacts (AQ =~ 0.5). Hence, the formation of this compact, transient
intermediate at ~1300 A? is dominated by the loss of energetically stabilizing native contacts

without a substantial increase in configurational entropy. Next, the C-terminal 3-strand separates

from the B2-strand whereas the N-terminal -hairpin and o-helix remain strongly native. This leads

22

https://doi.org/10.26434/chemrxiv-2023-q09db ORCID: https://orcid.org/0000-0002-4211-1388 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-q09db
https://orcid.org/0000-0002-4211-1388
https://creativecommons.org/licenses/by-nc-nd/4.0/

through the transition region with a “bottleneck” in the energy landscape at ~1460 A% and connects
to the basin of partially unfolded conformations with cross sections of ~1550 A2. This process is
associated with a substantial increase in configurational entropy (AQ = 20%) at the modest loss of
native contacts (AQ < 0.2). Subsequently, native contacts are lost in the N-terminal B-hairpin while
maintaining an overall collapsed state with the a-helix maintaining some native-like contacts.
Finally, this collapsed state can unfold to conformations with strongly elongated ubiquitin
polypeptide chains (see Figure S6, Supporting Information, note that this occurs on a time scale
beyond the 21 s available for our measurements for charge states 6+ and 7+).

Following microscopic reversibility, our data indicate that ubiquitin unfolding in the solvent-
free environment shares many characteristics with that established for the presence of solvent:>!~
53.58.39 (1) Regardless of the presence of solvent, unfolding of ubiquitin starts by separation of the
C-terminal B-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 B-hairpin and the a-helix. In contrast, the remainder of the polypeptide
chain does not exhibit a strongly native character. (3) At the denatured side of the transition state,
a collapsed state maintains a nucleus by closely packing the N-terminal 3-hairpin and a-helix, both
with some extent of native character.

Summary and Conclusions

We characterized the unfolding of ubiquitin in the absence of solvent by a combination of newly
developed computational and experimental ion mobility/ion mobility/mass spectrometry methods.
To this end, we partitioned solvent-free, folded ubiquitin ions into subpopulations that do not
interconvert on the measurement time-scale. We then experimentally probed their collision-

induced unfolding (CIU) and time-resolved structural relaxation processes. We computed ion
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mobility spectra for comparison to the experiment and to interpret the structural changes during
the unfolding processes observed in the experiment. Our data show:

(1) The computed ion mobility spectra indicate that the ubiquitin subpopulations reflect the
structural heterogeneity of ubiquitin in the solution phase (Figure 1).

(2) The subpopulations unfold upon energetic activation but do not interconvert. This means
that they are confined into disjoint regions in configuration space by substantial free energy
barriers, and that the free energy barriers for interconversion are larger than those for
unfolding. Hence, the subpopulations most likely originate from different solution-phase
precursors (Figures 2 and 3).

(3) The unfolding pathway of ubiquitin in the solvent-free environment share characteristics
with that established for the presence of solvent (Figure 6). Our experimental and computed
data suggests that unfolding begins by separation of the C-terminal (3-strand at a significant
loss of enthalpic stabilization without increase of configurational entropy. This process
produces a slightly elongated intermediate at substantial loss of native contacts, all on the
folded side of the transition state. The transition state appears polarized with significant
native content in the N-terminal B-hairpin and o-helix as reported for the solution phase.
This transition state leads to a collapsed state with a partially native a-helix in proximity to
the N-terminal B-hairpin. This process is associated with a significant increase in
configurational entropy without substantial change in native contacts.

(4) The time-dependent structural relaxation of the subpopulations exhibits strongly stretched-
exponential kinetics with stretching coefficients 3 clustering around ~0.4 to ~0.5 (Figures 4
and 5). By contrast, Arrhenius-type, exponential kinetics are observed on the unfolded side

of the transition state. The data suggest a glass transition on the folded side of the transition
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state due to rugged free energy landscape associated with loss of contacts between the C-

terminal B-strand and the N-terminal B-hairpin.
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Figure 7. Energy landscapes summarizing our interpretation of the computational and experimental data on the
unfolding of solvent-free ubiquitin discussed in the current work. Different solution conformers (a, a’) populate
different solvent-free subpopulations upon removal of solvent (b, b’, Figures 2 and 3). The different
subpopulations undergo stretched-exponential structural relaxation on a rugged energy surface and lose their
structural differences (¢, Figures 4 and 5). The transition state region for ubiquitin appears highly polarized with
native content at the N-terminus as proposed for the transition state in the presence of solvent (d, Figure 6). Our

data are consistent with a glass transition between (b), (b’) and (d).

Figure 7 summarizes our interpretation of our data. Different ubiquitin solution-phase
conformers are transferred into the solvent-free environment as non-interconverting
subpopulations separated by significant free energy barriers. The structural relaxation of the
subpopulations follows stretched-exponential kinetics due to rugged free energy surface. The data
are consistent with the assumption of a glass-like transition on the folded side of the transition state
similar to Type II energy landscapes.*’ These considerations suggest that the persistence of native
protein structures in the absence of solvent may result from a glass-like state of the initially formed

solvent-free protein. In this state, the disruption of native non-covalent interactions leads to
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"frustration" and a rugged energy landscape, manifested as stretched-exponential structural

relaxation kinetics.
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