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ABSTRACT: The stability of protein folded states is crucial for its function, yet the relationship
with the protein sequence remains poorly understood. Prior studies have focused on the amino
acid composition and thermodynamic couplings within a single folded conformation, overlooking
the potential contribution of protein dynamics. Here, we address this gap by systematically
analyzing the impact of alanine mutations in the C-terminal β-strand (β5) of ubiquitin, a model
protein exhibiting millisecond timescale interconversion between two conformational states
differing in the β5 position. Our findings unveil a negative correlation between millisecond
dynamics and thermal stability, with alanine substitutions at seemingly flexible C-terminal residues
significantly enhancing thermostability. Integrating spectroscopic and computational approaches,
we demonstrate that the thermally unfolded state retains a substantial secondary structure but
lacks β5 engagement, recapitulating the transition state for millisecond dynamics. Thus, alanine
mutations that modulate the stabilities of the folded states with respect to the partially unfolded
state impact both the dynamics and stability. Our findings underscore the importance of conformational dynamics with implications
for protein engineering and design.
KEYWORDS: thermostability, protein unfolding, conformational dynamics, ubiquitin, NMR, integrative spectroscopy

■ INTRODUCTION
Under physiological conditions, structured proteins primarily
exist in the folded state. The stability of protein folded state is
crucial for its function, and the relationship between protein
sequence and stability remains a fundamental question in
biophysics, with implications in protein structure prediction
and protein design.1,2 At elevated temperatures, proteins can
overcome energetic barriers and transition to unfolded states
with the melting temperature (Tm) defining the point of 50%
unfolding. However, protein unfolding is a complex multistep
process, and bulk spectroscopic measurements during thermal
denaturation may not fully resolve the contributing inter-
mediate states. Moreover, these partially unfolded intermedi-
ates can impact protein aggregation propensity.3,4 Thus, a
comprehensive understanding of protein stability necessitates
looking beyond amino acid fitness and thermodynamic
coupling within a single folded conformation.

Protein conformational fluctuations span a vast range of time
scales, from picoseconds to minutes, with microsecond to
millisecond (μs−ms) dynamics being particularly relevant to
protein function.5−12 While protein folding often takes place
on the μs−ms time scale, the rate of protein unfolding greatly
varies depending on experimental conditions. Previous
research has mostly focused protein unfolding under high
concentrations of denaturant,13−17 whereas the structural
changes during thermal denaturation have been less ex-
plored.18−20 Consequently, the extent of the structural

transition during thermal unfolding and the relationship
between protein dynamics in the native folded state and
thermal stability are unclear.

Ubiquitin (Ub), a 76-residue small protein, serves as a
model system in protein research and plays essential biological
roles. Ub can form diverse polyubiquitin chains and be
conjugated to substrate proteins,21 imparting various cellular
signals for processes, like proteasomal degradation, inflamma-
tion, and cell cycle regulation.22−24 Notably, Ub exhibits high
thermal stability, yet a fraction is unfolded and degraded
alongside substrates by the proteasome.25,26

In its native folded state, Ub displays significant dynamics
that are essential for its function. While previous studies have
primarily utilized NMR and IR spectroscopy to probe Ub’s
conformational dynamics up to the millisecond time
scale,10,19,27−32 research on slower (ms−s) dynamics has
recently emerged, spurred by investigations of phosphorylated
ubiquitin (pUb).33,34 Phosphorylation at S65 by PINK1 kinase
“induces” an alternative “retracted-state” conformation for
∼50% of pUb molecules, distinct from the native fold of
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“relaxed-state” due to a shifted C-terminal β-strand (β5)
register.33,35 However, this retracted state is minimally
populated for the unmodified wildtype Ub, which only
becomes observable at elevated temperatures.34

Here, we show that introducing alanine point mutations in
Ub β5 modulates the relative population and millisecond-time
scale interconversion between relaxed and retracted states.
Importantly, our study reveals how suppressing conformational
dynamics enhances thermal stability, highlighting the impor-
tance of protein dynamics beyond thermodynamic coupling in
a static structure.

■ RESULTS AND DISCUSSION

Alanine Mutations in β5 Differentially Modulate Ub
Thermal Stability
We introduced single alanine mutations to residues L67, L69,
L71, and L73, all located within the inward-facing β5 strand of
Ub. In the relaxed state, L67 and L69 side chains are buried in
the hydrophobic core, L71 is partially buried, and L73 resides
within the solvent-exposed flexible C-terminal tail. Shown by
previous structural studies of pUb,33,35,36 L69 and L71 are fully
buried in the retracted state, while L67 and L73 are partially
buried due to altered hydrogen bonding patterns involving β5
(Figure 1).

We assessed the thermal stability of Ub wild-type and
mutant proteins using differential scanning fluorometry (DSF),
leveraging the intrinsic tyrosine fluorescence. Temperature-
dependent changes in the ratio of fluorescence intensities at
350 and 330 nm enabled us to determine the melting
temperatures (Tm) (Figures 2A and S1A).37 The L67A and
L69A mutants exhibit lower Tm values compared to wildtype
Ub. In contrast, the L71A and L73A mutations increased Tm,
with the L73A mutant approaching 100 °C (Figure 2A and
Table S1).

We further investigated the thermal stability of the various
Ub proteins by using Fourier-transformed infrared (FTIR)
spectroscopy at increasing temperatures. Overall, wildtype Ub,
L67A, and L69A mutants exhibit significant changes in FTIR
spectra at elevated temperatures, while L71A and L73A
mutants show minimal changes (Figure S1). Second derivative
analysis of the FTIR spectra enhanced the resolution of
overlapping peaks and revealed subtle changes in the peak
positions (Figure 2). Upon heating, the dip at 1641 cm−1,
characteristic of intramolecular β-sheet structure, shifts to 1632
cm−1 for all Ub constructs, suggesting enhanced structural
dynamics in protein folded state.38 Notably, the L67A mutant

exhibited a 1632 cm−1 dip in a narrow temperature range,
which was immediately replaced by an increasing 1619 cm−1

dip, characteristic of intermolecular β-strand formation and
protein aggregation.19,38,39 This was corroborated by the
visible clouding and precipitate formation in all FTIR cells
except for the L73A mutant (Figure S2).

Importantly, the sharp descent of the 1632 cm−1 dip and
concurrent rise of the 1619 cm−1 dip correlate with the Tm
values obtained from the DSF measurements. While this
transition occurs only at the highest temperature (99 °C) for
the L71A mutant, the 1632 cm−1 dip progressively decreases
for the L73A mutant without any reversal. Conversely, the
L69A mutant shows the 1632 cm−1 dip alongside the 1641
cm−1 dip even at ambient temperature, corresponding to a
broader amide-I band in the raw FTIR data (Figure S1).

To further assess temperature-dependent secondary struc-
ture changes, we employed circular dichroism (CD) spectros-
copy. With increasing temperature, the CD values between 200
and 210 nm for the L69A mutant are more negative than those
for the wildtype or L67A mutant (Figure S3), indicating a
greater loss of β-sheet structure in this mutant while retaining
most secondary structures.
L67A Mutation Promotes the Retracted State

To investigate the underlying mechanism for the altered
thermal stability of the Ub mutants, we turned to NMR
spectroscopy. The 1H−15N heteronuclear single-quantum
coherence (HSQC) spectrum for the L73A mutant closely
matched that of the wildtype Ub, except for the residues near
the mutation site (Figure S4). On the other hand, the L71A
and L69A mutations caused minor perturbations to the HSQC
spectra, and affected nearby residues in β2 and β3 (Figures S5
and S6). Notably, the HSQC spectrum of L67A mutant
displays more peaks than the total number of nonproline
residues in Ub (Figure 3A), indicating the presence of multiple
conformational states. Indeed, two sets of peaks with different
intensities could be picked and assigned.

The distinct peaks of the Ub L67A mutant can be attributed
to two slowly interconverting species (Figure 3A). At 298 K,
the major and minor species constitute approximately 78% and
22% of the population, respectively. While the major species
exhibits extensive chemical shift differences from wild-type Ub,
affecting nearly all β-sheet residues (Figure 3B), the minor
species shows much smaller deviations from the wild-type
species (Figure 3C). This suggests that the major species
corresponds to Ub retracted state, consistent with the previous
findings, where mutation of L67 to a polar residue induced
near-complete conversion.34 Further supporting this, Cα and
Cβ chemical shifts of residues R72 and L73 in the major
species exhibit characteristic β-sheet values (Figure S7A).
Additionally, the L67A mutant enabled us to assess the
thermodynamics of the relaxed-to-retracted conversion,
revealing an endothermic enthalpic change (ΔH) of 16.93
kJ/mol, as the retracted state (major species) becomes more
populated with increasing temperature (Figure S7B,C).
L69A Mutation Kinetically Facilitates the Transitioning to
the Retracted State

We further employed chemical exchange saturation transfer
(CEST) NMR40 on the Ub L67A mutant to assess the total
exchange rate kex, encompassing both forward (knm) and
reverse exchange (kmn) kinetic rates between major (m) and
minor (n) states. Measuring at two B1 fields at 318 K yielded a
kex value of 29.56 ± 7.00 s−1 (knm = 28.44 ± 7.00 s−1, kmn =

Figure 1. Ub dynamically interconverts at millisecond time scale
between two conformational states, i.e., the relaxed state and retracted
state. In the latter, β5 moves up or retracts by two residues, thus
burying a different set of hydrophobic residues and resulting in an
alternative hydrogen-bond pattern. For Ub wildtype, the population
of the retracted state is extremely low at ambient temperature (≪1%).
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1.12 ± 0.04 s−1) (Figure S8, Tables S2 and S3), consistent
with the two distinct sets of peaks in L67A HSQC spectrum
and comparable to the wildtype Ub kex of 55.09 ± 14.10 s−1

(Figure S9 and Table S4).
For the L69A mutant, we assessed the millisecond dynamics

using CEST NMR, and determined the population of the
retracted state at 1.30 ± 0.04% at 318 K (Table S5). Notably,
the L69A kex between relaxed and retracted states is 360.23 ±
20.00 s−1 (knm = 355.54 ± 0.04 s−1, kmn = 4.69 ± 0.3 s−1),
nearly an order of magnitude faster than the wildtype (Figure
4A). This means that the L69A mutation significantly lowers
the energetic barrier between the two Ub conformational
states, thereby facilitating the millisecond timescale inter-
conversion.

Additionally, we evaluated the temperature dependence of
1H−15N chemical shift values (Figure S10). A temperature
coefficient exceeding −4.5 ppb/K indicates reduced hydrogen
bonding protection of the amide proton.41 While wildtype Ub
exhibited temperature coefficients consistent with the previous
report,42 the L69A mutant exhibited increased lability.
Specifically, residues D32, K33, and I36 at the C-terminus of
helix α1 and residues Q41 and R42 at the N-terminus of strand
β3 displayed highly negative temperature coefficients (Figures

4B and S11). As these residues cluster near β5, their weakened
hydrogen bonding and heightened dynamics suggest transient
detachment of β5 during Ub millisecond timescale dynamics.
HDX-MS Reveal Enhanced Structural Dynamics for Ub
L67A and L69A Mutants

To further investigate the structural destabilization caused by
the point mutations and their correlation with protein
dynamics, we used hydrogen−deuterium exchange mass
spectrometry (HDX-MS). Comparing the deuterium exchange
rates of the peptides derived from wildtype and mutant Ub
proteins, we found that the C-terminal peptide of the L69A
mutant exchanged more rapidly than that of the L67A mutant
(Figures 5 and S12), consistent with its faster millisecond time
scale fluctuations. In an EX2 mechanism, the structural
element must first undergo opening and partial unfolding,
involving hydrogen bond disruption, to allow solvent
exchange.43 Thus, the HDX-MS data support the presence of
a transition state characterized by β5 detachment.

Limited exchange data were obtained for the C-terminal
residues of wild-type Ub, L71A, and L73A mutants due to
proteolysis resistance at the experimental temperature. As
expected, L71A and L73A exhibited significantly slower

Figure 2. Structural changes of Ub proteins upon thermal denaturation were assessed by DSF and FTIR. (A) First derivatives of 350 nm/330 nm
fluorescence intensity ratio for wildtype Ub and L67A, L69A, L71A, and L73A mutants. Three biological replicates were performed using DSF.
Determined Tm values (the inflection point in the first derivative curve of 350 nm/330 nm fluorescence intensity ratio) are presented in Table S1.
(B−F) Overlaid second derivative FT-IR spectra for the five Ub proteins, as temperature increases from 30 to 99 °C. Labeled vibrational bands are
discussed in the text. The transition temperatures for the sharp descent of the 1632 cm−1 dip and concurrently sharp rise of the 1619 cm−1 dip are
also indicated.
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exchange rates, particularly at the C- and N-termini, than the
wildtype. Elevated temperatures increased exchange (Figure
S13), confirming an endothermic process, dependent on
overcoming the activation energy for β5 opening. Additionally,
N-terminal peptides from L67A and L69A mutants, despite
varying charges, displayed faster exchange rates compared to
their wild-type counterparts (Figure S14), likely a secondary
effect following the detachment of β5.
L71A and L73A Mutations Dampen Ub Millisecond
Dynamics

Our CEST measurements for the Ub L71A and L73A mutants
revealed an absence of the minor dip in the CEST profiles,
suggesting that both mutations negatively impact Ub’s
millisecond dynamics. Further substantiation for the damp-
ened millisecond dynamics was obtained from phosphorylation
rate analysis. PINK1 catalyzes Ub phosphorylation only when
the substrate protein adopts the retracted state, in which
residue S65 is exposed and snugly fit into the active site of the
kinase.11 Notably, the phosphorylation rates for both L71A
and L73A mutants are much slower than those for wild-type
Ub or Ub L69A mutant (Figure S15A). Conversely,

phosphorylation of L67A Ub was markedly accelerated
compared to that of wildtype Ub, with the modification
completed within 8 min (Figure S15B).
MD Simulations Reveal Differential Stability of Ub
Variants

Molecular dynamics (MD) simulation was employed to assess
the structural dynamics of wildtype and mutant Ub proteins in
both relaxed and retracted states at 318 K. The simulations
revealed no significant differences in the position of β5 relative
to the rest of wildtype Ub in either conformational state
(Figure S16). Furthermore, the L67A, L71A, and L73A
mutations did not substantially alter β5 positions (Figures
S17 and S18). However, the L69A mutant exhibited slightly
increased fluctuations of the β5 position in both states (Figures
S17B and S18B). Additionally, L71A and L73A showed
enhanced fluctuations only in the retracted state, though the
averaged β5 positions remain largely unchanged (Figure
S18C,D).

To further explore the relationship between millisecond
dynamics and thermal stability, we conducted MD simulations
at an elevated temperature (400 K). Starting from the relaxed-

Figure 3. NMR analysis of the Ub L67A mutant. (A) 1H, 15N- HSQC spectrum of the Ub L67A mutant. Peaks in the major (m, black labels) and
the minor (n, orange labels) species of Ub L67A are labeled. (B,C) Chemical shift perturbations (CSPs) between major (B) and minor species (C)
of the L67A mutant from Ub wild-type, thus equating the minor species to the relaxed state. Ub secondary structure elements and the mutated
residue are denoted at the top of the panels.
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state structure, wild-type Ub, L71A, and L73A mutants
remained folded throughout the simulations, with L73A
exhibiting the smallest RMSD fluctuations (Figure 6A). In
contrast, Ub L67A mutant began unfolding after 250 ns,
characterized with a rapid increase in RMSD, while Ub L69A
mutant starts to unfold after 450 ns. The relative order of
unfolding aligns with their respective thermal stabilities and
dynamics.

Simulations initiated from the retracted state revealed a
reversal in stability trends, as L71A and L73A mutants
exhibited larger RMSD fluctuations and unfolded earlier
compared to wild-type Ub (∼150 ns) (Figure 6B). Conversely,
L69A unfolded after 300 ns, consistent with its enhanced
dynamics in both relaxed and retracted states. Notably, L67A
remained largely folded throughout the simulations, indicating
that mutations differentially impact the stability of the two
conformational states, with L67A preferentially stabilized in
the retracted state.

These extended MD simulations also shed light on the
potential transition state ensemble for the millisecond
timescale dynamics. Wildtype Ub unfolded only at high
temperature when starting from the retracted state. During this
unfolding, the C-terminal end of β5 unraveled (Figure 7A),
disrupting hydrogen bonds between β5 and β1, consistent with
the increased HDX observed for these residues (Figure 5). The
L71A and L73A mutations further destabilized the retracted
state and accelerated the detachment of β5 from β1 (Figure
7B,C).

■ DISCUSSION
Our findings demonstrate a fundamental link between Ub’s
millisecond timescale dynamics and its thermal stability. The
presence of a partially unfolded intermediate, characterized by
the detachment and disordering of β5, is crucial for both the

dynamic interconversion between Ub’s relaxed and retracted
states and its thermal unfolding process. This suggests that
protein stability is not only determined by amino acid
interactions within a single folded state but also by the
dynamic landscape of conformational fluctuations.

Suppressing millisecond dynamics, specifically the inter-
conversion between relaxed and retracted states, enhances Ub’s
thermal stability. Conversely, increasing this dynamic behavior
reduces the stability. We observed this phenomenon through
targeted alanine mutations within strand β5 strand. Mutations
near the N-terminus (L67A and L69A) decrease stability,
albeit through distinct mechanisms: L67A thermodynamically
favors the retracted state, while L69A kinetically enhances the
interconversion rate by elevating the energy of both states
(Figure 8). In contrast, mutations near the C-terminus (L71A,
L73A) dampen millisecond dynamics, leading to increased
thermal stability (Figure 8), with the L73A mutant remaining
folded even at nearly 100 °C (Figure 2). This demonstrates the
potential for significant stability enhancement through a single
amino acid substitution.

The β5-detached state observed during partial thermal
unfolding likely resembles the Ub folding intermediate, as prior
studies have shown that the C-terminal region, including β5, is
incorporated into the folded structure at a late stage,44,45 acting
as a “speed-bump” in the folding process at an ambient
temperature. This phenomenon of incomplete unfolding,
where proteins retain substantial secondary structure while
forming intermolecular β-sheets, leading to aggregation and
precipitation,37,38,46 likely extends beyond Ub. Our observation
that L69A and L67A mutants exhibit enhanced intermolecular
interactions at elevated temperatures (Figure 2) suggests a
mechanistic link between the propensity for β5 detachment
and aggregation.

Besides implications for protein folding and stability, the
dynamic interconversion with the Ub retracted state is
physiologically relevant. First, it is a prerequisite for PINK1-
mediated phosphorylation, as this kinase specifically accom-
modates the retracted state.34 Although wildtype Ub
predominantly exists in the relaxed state, the small population
of the retracted state is sufficient for phosphorylation and can
be resupplied through equilibrium shift. Second, the
interconversion likely facilitates Ub degradation. While most
Ub is recycled, a small fraction undergoes proteasomal
degradation alongside with the substrate.47,48 The presence
of a partially unfolded state would make Ub more susceptible
to unfolding and timely degradation. This notion is supported
by previous findings showing that replacing L73 with Ala or
other polar residues reduces the fitness of yeast strains in harsh
environments.49,50

In conclusion, our work reveals a vital link between protein
millisecond dynamics and stability, underscoring the impor-
tance of considering conformational flexibility beyond static
structures. This new understanding of protein behavior also
has significant implications for protein engineering, design, and
our comprehension of cellular proteostasis.

■ EXPERIMENTAL SECTIONS

Sample Preparation
Wildtype human ubiquitin (Ub) in the pET11a expression vector was
subjected to modification using the KOD-Plus-Mutagenesis Kit
(TOYOBO, Tokyo, Japan) to introduce mutations L67A, L69A,
L71A, or L73A. The Ub, Ub mutants, and Pediculus humanus corporis
phPINK1 (residues 115 to 575) were expressed and purified as

Figure 4. NMR analysis of Ub L69A mutant. (A) L69A mutant
undergoes more pronounced millisecond dynamics as assessed with
CEST NMR. Representative profile fits for Ub L69A. The exchange
rate between major and minor species is determined at ∼360 s−1, with
the minor species (retracted state) populated at ∼1.3%. (B)
Differences in amide proton temperature coefficients between the
Ub L69A mutant and wildtype. Inset, residues with significantly
negative temperature coefficients are mapped to the Ub relaxed-state
structure.
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previously outlined in references.33,51 For the present study, the
phPINK1 protein underwent an additional purification step involving
size exclusion chromatography using a Superdex 75 10/300GL
column (Cytiva). The column was pre-equilibrated with NMR buffer
containing 20 mM HEPES at pH 7.4 and 100 mM NaCl, following
the cleavage of the GST-tag facilitated by TEV protease.

Determination of the Thermal Stability of Ub Mutants
The assessment employed two distinct techniques. (1) Intrinsic
differential scanning fluorometry (DSF). We utilized a Prometheus
NT.48 instrument (NanoTemper Technologies GmbH, Munich,
Germany) to determine the melting temperature (Tm) of Ub. This
experiment involved measuring intrinsic fluorescence intensity at 330

Figure 5. Impact of β5 alanine mutations on Ub protein opening and solvent exchange. Heat maps depict HDX-MS analysis of wild-type (A), L67A
(B), L69A (C), L71A (D), and L73A (E) Ub proteins at 323 K following 45 s of D2O exchange. The color scale at the bottom indicates the
percentage of deuterium substitution for labile protons in trypsin-derived peptides.
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and 350 nm with excitation at 280 nm. Three consecutive
temperature scans were conducted on the same sample (3 × 10
μL) in a linear ramp of 1 °C/min, spanning from 20 to 110 °C. The
sample was allowed to equilibrate for 1 min at each temperature point
before measurement. The Ub samples were loaded into standard DSF
grade capillaries, and all samples were prepared in the same buffer
used for NMR. A negative control containing only the NMR buffer
was included in each run. The apparent Ub melting temperature (Tm)
was determined as the lowest point in the temperature-dependent
variation (first derivative) of the 350 nm/330 nm fluorescence ratio,
using the ThermControl software V2.1 (NanoTemper Technologies).

(2) Fourier-transformed infrared spectroscopy (FTIR). FTIR
absorption spectra were collected by using a Vertex 70 V instrument
(Bruker Optics, Germany). Ub protein samples (wildtype or
mutants), at a concentration of 10 mg/mL, were placed in a two-
compartment CaF2 sample cell with a 50 μm thick Teflon spacer.
Simultaneous measurement of a D2O reference was conducted. The
measurements took place in a custom-built vacuum chamber, with
temperature control maintained at an accuracy of ±0.1 °C through
water circulation.52,53 Prior to each measurement, the samples were
thermally equilibrated for 4 min, starting from room temperature and
extending beyond 100 °C. It is noteworthy that the chamber holding

Figure 6. Trajectories of MD simulations at 400 K for the various Ub constructs starting from either the relaxed state (A) or the retracted state (B).
Snapshots were taken for every 1 ns and were superimposed to the first frame by backbone heavy atoms.

Figure 7. Ub structural changes during high-temperature MD simulations. (A) Superposition of the conformations of wild-type Ub within 200−
300 ns simulation window. The red arrow indicates flayed motion of the C-terminus. (B, C) Superposition of the conformations of Ub L71A
mutant and Ub L73A mutant, respectively, within 100−200 ns simulation window. The simulations started from the retracted-state structure, and
the snapshots were taken every 10 ns.
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the L73A mutant remained transparent even after reaching the highest
temperature. A second derivative analysis was also performed on the
FTIR spectra for further analysis.
NMR Spectroscopy
Nuclear magnetic resonance (NMR) data was acquired at 298 K using
a Bruker Avance III HD 800 MHz spectrometer equipped with a
cryogenic triple-resonance TCI probe, unless otherwise specified.
Data processing utilized Topspin (Bruker) and NMRPipe,54 while
data analysis was carried out with Poky.55 For backbone chemical shift
assignments, NMR samples consisted of 0.4 mM Ub mutants in an
NMR buffer comprising 20 mM HEPES (pH 7.4), 100 mM NaCl,
and 10% D2O. The assignments were obtained through the
application of standard triple-resonance pulse sequences. Specifically,
HNCACB and HN(CA)CO spectra were collected, featuring 2048 ×
40 × 100 complex points in the 1H, 15N, and 13C dimensions,
respectively. HN(CA)CO spectra employed a nonuniform sampling
scheme at a rate of 30% complex points in the 1H, 15N, and 13C
dimensions. Subsequently, these spectra were reconstructed using
iterative shrinkage thresholding (IST) within the NMRPipe pack-
age.56

Given the minor chemical shift perturbations observed, cross-peak
assignments for the L71A and L73A mutants were accomplished by
comparing them to the 1H, 15N-HSQC spectrum of the wildtype.
Following the backbone assignment, weighted chemical shift
p e r t u r b a t i o n c a l c u l a t i o n s w e r e c a l c u l a t e d a s

+ ×( H) 0.2 ( N)1 2 15 2 , in which Δ denotes the difference in
the chemical shift values (ppm) between the cross-peaks of different
Ub proteins. Data was plotted with in-house scripts.

The NMR samples for the CEST experiments consisted of 0.4 mM
Ub protein in the NMR buffer. CEST measurements were performed
using 15N-pseudo-3D CEST experiments at 318 K, employing
established pulse sequences.40 Each experiment involved a total
exchange time of 400 ms, a relaxation delay of 1 s, and a B1 saturation
field of either 12.5 or 25 Hz, spanning the 15N range of 107 to 134
ppm with a total of 98 points for Ub L67A, Ub L69A, Ub L71A, and
Ub L73A, and 115 points for the wildtype Ub. Peak intensities of

residues displaying a distinct minor dip at the two different B1 fields
were globally fit using the ChemEX (https://github.com/gbouvig-
nies/ChemEx), affording exchange rates and relative populations. The
15N CEST profiles were plotted as I/I0 against the applied B1 field,
with the I0 value extracted from the first transient of the acquisition.

Temperature coefficients of amide protons were determined by
recording 1H, 15N-HSQC spectra at 4° intervals, ranging from 286 to
318 K for each Ub mutant. In each spectrum, 1H chemical shifts were
referenced to the methyl proton signal of DSS, and signals were
assigned using Poky.55 Amide proton chemical shift (CS) temperature
coefficients were calculated as the slope obtained from the linear
fitting of the CS over temperature. For cross peaks that disappeared at
one or more temperatures, the corresponding data points were
excluded.

The phosphorylation of Ub proteins was carried out in the NMR
buffer supplemented with 10 mM MgCl2, 10 mM ATP, and 5 mM
DTT at 298 K. Ub and phPINK1 were present at concentrations of
108 and 0.4 μM, respectively. Real-time monitoring of Ub
phosphorylation was conducted using BEST-HSQC experiments,57,58

which included eight scans, 128 increments, and a relaxation delay of
400 ms, amounting to approximately 8 min for a single measurement.
Hydrogen−Deuterium Exchange Mass Spectrometry
(HDX-MS)
Peptides derived from Ub proteins, including the wild-type L67A,
L69A, L71A, and L73A mutants, were identified using LC-MS/MS
(ThermoFisher Orbitrap Fusion). Raw data were imported into
Proteome Discover 2.4 software to identify high-scoring peptides. For
subsequent HDX-MS analysis, 4 μL of purified ubiquitin (wildtype,
L67A, L69A, L71A, and L73A each at 8 μM concentration) was
mixed with 16 μL of D2O buffer (50 mM HEPES and 50 mM NaCl,
pH 7.5) after incubation at various time points (10, 20, 30, 40, 45, 60,
180, and 300 s) at desired temperatures (323 K, 333 K, and 343 K) in
a PCR instrument. Deuterium exchange was quenched by adding 20
μL of ice-cold buffer containing 3 M guanidine hydrochloride and 1%
trifluoroacetic acid. Each quenched sample was immediately injected
into the LEAP Pal 3.0 HDX platform (Trajan Scientific and Medical).
After injection, the samples were passed through an immobilized
pepsin column. The digested peptides were captured on a C18
PepMap300 trap column (Thermo Fisher Scientific) and separated
across a C18 separator column (Thermo Fisher Scientific). More
detailed experimental procedures can be found in the reference.59 The
percentage of deuterium content and statistical significance (unpaired
t-test) were analyzed and visualized using HDX Workbench
software.60

Circular Dichroism Measurement
CD spectra were recorded on a JASCO J-815 spectropolarimeter
(JASCO Inc., Tokyo, Japan) at a wavelength from 200 to 250 nm
with an interval of 0.5 nm. Three individual scans were conducted on
the sample in a linear ramp of 10 °C/min, spanning from 25 to 95 °C.
In the experiment, the aqueous solution of each protein (wild-type
Ub, Ub L67A, or Ub L69A) with a concentration from 0.3 to 0.5 mg/
mL in CD buffer containing 20 mM potassium phosphorate and 120
mM potassium chloride (pH 7.4) was measured.
All-Atom MD Simulations at Two Different Temperatures
Long-time (300 to 500 ns) all-atom molecular dynamic simulations
were performed on the relaxed-state Ub structure (PDB code
1D3Z)61 at room temperature (318 K) and an elevated temperature
(400 K), respectively. The wild-type Ub and its four mutants (L67A,
L69A, L71A, and L73A) were selected for constructing different Ub
systems. In addition, we also prepared Ub structures in the retracted
state, which was generated by reverting the pSer residue back to a
regular serine with the phosphoryl group removed, using PDB
structure 5XK4.35 The ff99SB force field62 was applied to produce the
parameters for the protein, by using the LEaP module in the AMBER
2021 package.63 Each system was then solvated in an octahedral
periodic box of TIP3P water molecules with a minimum distance of
10.0 Å between the outermost protein atoms and the walls of the
simulation box.

Figure 8. Schematic representation of the relationship between Ub
millisecond dynamics and thermal unfolding. Ub dynamically
interconverts between the relaxed state (Ub common fold) and the
retracted state (Ub alternative fold). The transition state ensemble for
this interconversion recapitulates the partially unfolded state formed
during thermal denaturation, which may further form intermolecular
β-sheets, leading to protein aggregation. The L67A mutation
destabilizes the relaxed state, while the L69A mutation destabilizes
both the relaxed and retracted states, thereby facilitating their
interconversion. Conversely, L71A and L73A mutations strongly
destabilize the retracted state, making interconversion less likely.
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For simulations at 318 K, the water molecules and counterions
were minimized with 10,000 steps of steepest descent, followed by
20,000 steps of conjugate gradient. Then the whole system was
minimized with 15,000 steps of steepest descent, followed by 35,000
steps of conjugate gradient to remove the bad contacts. Distance
fluctuations were assessed using the cpptraj module within AMBER.
The system was then gradually heated to 400 K in 500 ps simulation
in the NVT ensemble and then equilibrated for another 500 ps
simulation, with weak restraints were performed on the Cα atoms to
ensure the accomplishment of the stabilization before reaching the
desired temperature. Finally, a 300−500 ns MD simulation, with time
step set to 2 fs, was carried out with the NPT ensemble. A SHAKE
algorithm64 was applied to constrain all bonds involving hydrogen
atoms. Particle mesh−Ewald (PME) method65 was used to calculate
the electrostatic interactions.
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