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ABSTRACT: Mitochondrial proteostasis is essential to maintain
cellular function and survival. YME1L is a membrane-anchored
AAA+ (ATPases Associated with diverse cellular Activities) family
protease and plays a pivotal role in mitochondrial proteostasis by
selectively degrading misfolded and native proteins. The precise
mechanisms by which nucleotide binding and hydrolysis influence
YME1L’s conformational dynamics, proteolytic activity, and stability
remain unclear. Here, we characterize the conformational dynamics
of the YME1L catalytic domain. Using a hexameric soluble YME1L
construct, we employ hydrogen/deuterium exchange mass spec-
trometry (HDX-MS) and nuclear magnetic resonance (NMR)
spectroscopy to demonstrate that nucleotide binding reduces the
backbone flexibility and modulates the side-chain dynamics of the
AAA+ domain, while Zn2+ binding stabilizes the protease domain. We also reveal long-range functional crosstalk between the AAA+
and protease domains of YME1L. We use functional assays to show the importance of a salt bridge between the AAA+ and protease
domains in facilitating ATP-dependent substrate degradation by YME1L. Additionally, we show that ATP binding stabilizes the
structure of the catalytic domain of YME1L and protects it from chemical- and heat-induced aggregation. These findings explain the
nucleotide-driven regulation of YME1L and provide insights into our understanding of its proteolytic activity and structural stability
under stress conditions.

Mitochondria contain approximately 1,100 unique
proteins, with all but 13 encoded by nuclear DNA

and translated in the cytoplasm.1,2 These proteins are imported
into the mitochondria, processed, and folded into their
functional forms, while their quality is maintained by a
complex network of pathways that regulate biosynthesis,
import, folding, degradation, and mitophagy.3 This quality
control system is essential for mitochondrial functionality and
overall cell survival, as improper protein folding can lead to
toxic aggregation. A key aspect of this quality control involves
degradation of misfolded mitochondrial proteins, a process
mediated by a family of AAA+ (ATPases Associated with
diverse cellular Activities) proteases found in all mitochondrial
compartments.4,5 These proteases use energy from ATP
hydrolysis to unfold and degrade protein substrates.

One such mitochondrial protease, YME1L, belongs to the
AAA+ family and localizes to the inner mitochondrial
membrane (IM), with its catalytic domain extending into the
intermembrane space (IMS). YME1L is a hexameric complex,
with each subunit containing an N-terminal domain, a single
transmembrane helix, followed by a catalytic domain that is
soluble in the absence of the transmembrane domain. The

catalytic domain consists of a AAA+ (ATPases Associated with
diverse cellular Activities) domain and a Zn2+-dependent
metalloprotease domain (Figure 1A and B).6,7 The AAA+
domain of YME1L harnesses the chemical energy from ATP
hydrolysis to drive unfolding and translocation of substrates
through the central pore of the enzyme and into the protease
domain for degradation.8 YME1L plays a vital role in
maintaining mitochondrial proteostasis. Disruption of
YME1L function leads to mitochondrial dysfunction and
reduced cell survival under stress conditions.9,10 YME1L is
upregulated in several cancers, making it a promising target for
cancer diagnosis and therapeutics.11−14 YME1L removes
aberrant proteins from the IM and IMS, such as the
unassembled subunits of respiratory Complex I (e.g.,
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NDUFB6 and ND1) and Complex IV (e.g., COX4),4,6,16 and
degrades specific native mitochondrial proteins to adapt to
cellular stress. Under stress conditions, YME1L degrades
TIMM17A, a component of the protein translocase TIM23
complex in the IM, to reduce protein import into the
mitochondria.17 Additionally, YME1L regulates mitochondrial
morphology by processing OPA1, a dynamin-like protein,
which exists in both a long membrane-bound form (L-OPA1)
and a soluble short form (S-OPA1) in the mitochondria.18 The
balance between these two forms is crucial for maintaining
mitochondrial morphology.19−21 YME1L and the ATP-
independent protease OMA1 cleave L-OPA1 to produce S-
OPA1, particularly under stress conditions such as membrane
depolarization and oxidative stress, promoting mitochondrial
fission.22−24 On the other hand, high ATP levels activate
YME1L to degrade OMA1, counteracting OMA1-induced

mitochondrial fragmentation, while depletion of ATP leads to
inactivation of YME1L, allowing it to be reciprocally degraded
by OMA1.9 ATP binding has been shown to stabilize YME1L,
protecting it from hydrogen peroxide-induced modification
and degradation by OMA1.9,25 However, the precise
mechanisms by which nucleotide binding and hydrolysis affect
YME1L’s conformational dynamics and stability are not fully
understood.

Here, we present a detailed characterization of the
conformational dynamics, structural plasticity, and stability of
the catalytic domain of YME1L. Using size-exclusion
chromatography (SEC) and dynamic light scattering (DLS),
we demonstrate that the isolated soluble domain of YME1L
has a low propensity to oligomerize. Using a hexameric soluble
construct of YME1L, we characterize the nucleotide- and Zn2+-
induced changes in conformational dynamics using a

Figure 1. Oligomerization and enzymatic activity of the catalytical domain of YME1L in the presence of a hex-tag. (A) Left: Domain organization
of a WT YME1L subunit (WT YME1L) and cartoon representations of the YME1L constructs used in the study. Right: Schematic representation
of the hexameric YME1L anchored to the inner membrane of mitochondria (M = mitochondrial matrix; IM = mitochondrial inner membrane; IMS
= mitochondrial intermembrane space). (B) Structural model of the hexameric catalytic domain (residues 317−773) of YME1L, predicted by
AlphaFold3,15 featuring two distinct layers�the AAA+ domains (dark yellow) and the protease domains (dark green), together enclosing the
central pore. The predicted structure of a monomer bound to ATP and Zn2+ is enlarged. (C) SEC elution profiles of hexYME1L and ΔNYME1L in
the presence and absence of 5 mM ATP. The molecular weights of the standards are given along the top. (D) Hydrodynamic radii of hexYME1L
and ΔNYME1L in the presence and absence of 10 mM ATP obtained by dynamic light scattering. Data were measured at a subunit concentration of
200 μM, 15 °C. (E) Hydrodynamic radii of ΔNYME1L as a function of concentration in the presence (gray circles) and absence (red circles) of 10
mM ATP, measured by DLS at 15 °C. Dashed lines represent simulated curves generated using the model described in Materials and Methods, with
the microscopic association constant (K) ranging from 1 × 10−3 to 20 × 10−3 M−1. (F) Rate of ATP hydrolysis by hexYME1L, hexYME1LE439A
(Walker-B variant), hexYME1LAAA, and monomeric YME1LAAA. Normalized ATPase activities with respect to those of hexYME1L are denoted above
the bars. (G) Degradation of α-casein by hexYME1L, hexYME1LE439A, and hexYME1LE600Q (protease-inhibiting variant). (H) The fraction of
remaining α-casein over time in the degradation assays shown in (F). Errors are calculated based on technical triplicates. Images of the uncropped
SDS-PAGE gels are shown in Figure S2.
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combination of hydrogen/deuterium exchange mass spectrom-
etry (HDX-MS) and nuclear magnetic resonance (NMR)
spectroscopy. Our results show that ATP and ADP binding
significantly reduce backbone flexibility in the AAA+ domain,
while Zn2+ binding leads to the rigidification of the protease
domain. ADP binding also modulates the side-chain dynamics
of the AAA+ domain. Furthermore, we uncover long-range
functional crosstalk between the AAA+ and protease domains,
highlighting the structural plasticity of YME1L. Finally, we
demonstrate that ATP binding enhances YME1L’s thermal
stability and protects it from aggregation due to chemical
modification, thereby demonstrating the stabilization effect of
nucleotide binding on the structure and folding of YME1L.
Our findings offer insights into how nucleotide binding
modulates YME1L’s conformational dynamics and stability in
vitro.

■ MATERIALS AND METHODS

Cloning, Protein Expression, and Purification

The expression plasmid of hexYME1L from Homo sapiens in a
PET24 vector was a gift from Dr. Justin Miller (Middle
Tennessee State University), which encodes a YME1L
construct that contains an N-terminal His6-tag followed by
SUMO (Small Ubiquitin-like Modifier), a hex-tag (GELKAIA-
QELKAIAKELKAIAWELKAIAQGAG),6 and the catalytical
domain of YME1L (residues 317−773), connected with a 10-
aa linker (GSGSYFQSNA). All other YME1L constructs used
in the study were generated from the hexYME1L construct
using the QuikChange site-directed mutagenesis method with
Phusion DNA polymerase (New England Biolabs). The
hexYMELAAA construct contains a hex-tag connected to residues
317−588 of YME1L via the same 10-aa linker. Oligonucleo-
tides used for molecular cloning were synthesized by
Integrated DNA Technologies (IDT). Plasmids were prepared
by transforming the QuikChange product into the NEB Turbo
Competent E. coli cells and miniprepped using the NEB
Monarch Plasmid Miniprep Kit. All of the plasmids were
sequenced by Plasmidsaurus to confirm the fidelity of the
constructs.

All the YME1L constructs were expressed in E. coli strain
BL21 (DE3) cells. Cells were grown in the LB broth with 50
μg/mL kanamycin at 37 °C until induction at OD600 = 0.6 with
0.25 mM isopropyl β-d-1-thiogalactopyranoside (IPTG).
Protein expression was carried out at 25 °C for ca. 16 h. To
express [Ile (δ1), Leu (δ1,δ2), Val (γ1,γ2), Met (ε)-13CH3]-
labeled YME1LAAA and ΔNYME1L, M9 minimal media in 99%
D2O with d7-glucose as the sole carbon source was used.
Selective methyl labeling was achieved, as previously
described,26 by adding 100 mg/L ε-[13CH3]-labeled methio-
nine (CLM-206; Cambridge Isotope Laboratories), 60 mg/L
α-ketobutyric acid (CDLM-7318; Cambridge Isotope Labo-
ratories), and 100 mg/L α-ketoisovaleric acid (CDLM-7317;
Cambridge Isotope Laboratories) 1 h before IPTG induction
at OD600 ∼ 0.8. To express the [U-15N, 13C]-labeled αβ
subdomain (residues 317−505) of YME1LAAA, cells were
grown in M9 minimal media with 15NH4Cl as the sole nitrogen
source and D-glucose-13C6 as the sole carbon source. Protein
expression was induced at OD600 ∼ 0.8 and then carried out at
25 °C for ca. 16 h.

Cells were harvested and resuspended in Ni-A buffer [50
mM Tris, pH 7.4, 500 mM NaCl, 50 mM imidazole], followed
by lysis via sonication (45% amplitude, 15 min per sample with

2 s-on/ 2 s-off pulses). The lysed cells were centrifuged at
14,000 × g for 20 min, and the supernatant was subjected to 5
mL of HisPur Ni-NTA Resin (Thermo Scientific). The Ni-
NTA Resin column was equilibrated with Ni-A buffer before
sample loading, and the bound protein was washed with the
Ni-A buffer before elution with Ni−B buffer [25 mM Tris-
HCl, pH 7.8, 300 mM imidazole]. The eluted protein was then
dialyzed overnight at 4 °C in a buffer containing 50 mM Tris
(pH 7.4), 200 mM NaCl, 1 mM DTT, and ubiquitin-like
protease (ULP) to remove the His6-SUMO tag. The protein
was then concentrated and purified by a Superdex 200 or 75
Increase 10/300 column (Cytiva) in a buffer containing 50
mM HEPES (pH 7.5) and 100 mM NaCl. For the monomeric
YME1L constructs, an additional Ni-NTA purification step was
used after ULP cleavage to remove the cleaved His6-SUMO tag
and ULP before the size exclusion chromatography purification
step. The purities of all protein preparations was confirmed by
SDS-PAGE, and the concentrations were measured using
absorbance at 280 nm with extinction coefficients predicted
from the primary sequences of the constructs using the Expasy
ProtParam tool.

The nucleotide-free state of the YME1L constructs was
achieved via apyrase digestion. 5 μL of 500 U/ml apyrase
(New England BioLabs) was added to the purified YME1L
construct in a buffer containing 50 mM HEPES (pH 7.5), 100
mM NaCl, 1 mM EDTA, and 5 mM CaCl2, and the mixture
was incubated overnight at 21 °C. The apyrase-digested
sample was purified with a Superdex 200 Increase 10/300
column (Cytiva) in a buffer containing 50 mM HEPES (pH
7.5), 100 mM NaCl, and 1 mM EDTA. The fractions of pure
protein were collected, flash frozen in liquid nitrogen, and
stored at −80 °C.
Size-Exclusion Chromatography

To characterize the YME1L constructs in the presence of ATP
using size-exclusion chromatography (SEC), 30 μM of purified
ΔNYME1LE439Q and hexYME1LE439A were first incubated in a
buffer containing 50 mM HEPES (pH 7.5), 100 mM NaCl, 2
mM ATP, 5 mM MgCl2, and 1 mM EDTA for 2 h prior to
SEC runs. A total volume of 0.3 mL of protein samples was
then injected onto a Superdex 200 Increase 10/300 column
(Cytiva) equilibrated with a buffer containing 50 mM HEPES
(pH 7.5), 100 mM NaCl, 1 mM EDTA, 2 mM ATP, and 5
mM MgCl2.
Dynamic Light Scattering

Purified hexYME1LE439A was stored in the apo form. For the
ATP-bound samples, 10 mM ATP was added to the protein
solution prior to the DLS experiments. DLS measurements
were performed on a DynaPro DLS Plate Reader III (Wyatt
Technology) in a buffer containing 50 mM HEPES (pH 7.5),
100 mM NaCl, 1 mM EDTA, and 15 mM MgCl2. Samples
were centrifuged at 20,000 × g at 4 °C for 30 min to eliminate
precipitates or solid impurities prior to loading on a 384-well
plate. A total of 20 μL of protein sample was loaded to each
well, and the plate was centrifuged at 3,000 × g at 4 °C for 5
min to remove air bubbles present in the wells. 10 μL of
mineral oil was then added on top of each sample to prevent
evaporation, and the plate was centrifuged again at 3,000 × g at
4 °C for 3 min. For each well, 20 measurements with 4.8 s
acquisitions were performed, and an average was calculated
from the autocorrelation functions. Temperature scans were
performed from 7.5 to 50 °C with a step size of 2.5 °C. The
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autocorrelation functions were fitted using the following
equation:

= + +g B e( ) 1
2

2 2 2 2i
k
jjj y

{
zzz (1)

where B represents a term accounting for the baseline, β is the
correlation function amplitude at τ =0, Γ = Dq2, and μ2 is the
second moment of the distribution of Γ values about their
mean.27,28 For the calculation of Γ, D is the translational
diffusion coefficient and q is the scattering wave vector
calculated by = ( )q sinn4

20
, where n is the solvent refractive

index (n = 1.3347), λ0 is the wavelength of the light used by
the instrument, and θ is the scattering angle. D, β, B, and μ2
were output as fitted parameters, respectively. The hydro-
dynamic radius, Rh, was converted from the fitted diffusion
coefficient, D, using the Stokes−Einstein equation

=R
k T

D6h
B

(2)

where kB is the Boltzmann constant, T is the temperature in
Kelvin, and η is the viscosity.29

To estimate the affinity of monomeric ΔNYME1L, DLS
measurements were performed at subunit concentrations of 25,
50, 100, 150, and 200 μM at 15 °C. The following model was
used to describe the oligomerization process:

+M M M2F

+M M M2 3F

+M M M3 4F

+M M M4 5F

+M M M5 6F

In this model, the equilibrium concentration of each
oligomeric species is given by

[ ] = [ ][ ]KM M Mi i 1 (3)

where K is the microscopic association constant. We assume a
uniform K across all association steps, implying no
cooperativity. The total concentration of the monomer is
given by

[ ] = [ ]
=

iM M
i iT 1

6
(4)

Using these equations, we can determine [Mi] as a function
of [MT] and K. Meanwhile, the relationship between the
hydrodynamic radius, Rh, and molar mass, M, is described by

=R a Mh 0
1/ , where α typically ranges from 2 to 3 for globular

proteins.30−33 Thus, the hydrodynamic radius of an i-mer
follows

= ×r r ii 1
1/ (5)

where r1 is the monomer’s hydrodynamic radius and i is the
number of monomers in the species. For the DLS measure-
ments, a cumulant analysis of the autocorrelation function was
performed to determine the average translational diffusion
coefficient, Dave, which was then converted into an average
hydrodynamic radius, Rave, using the Stokes−Einstein equation.
For a mixture of species, the average hydrodynamic radius,
Rave, is given by

= =

=

R
M c

M c r/
i i i

i i i i
ave

1
6 2

1
6 2

(6)

where Mi, ci, and ri are the molar mass, the molar
concentration, and the hydrodynamic radius of the i-mer.
Using eqs 1−6, the experimental Rave values of ΔNYME1L in
both the presence and absence of ATP were fitted as a function
of protein concentration to extract the association constants K
for the nucleotide-free and ATP-bound states, respectively,
with α fitted as a global parameter. A grid search was
performed, which yielded the best-fit values of α being 2.06
and K being (3.38 ± 0.07) × 103 M−1 and (3.52 ± 0.07) × 103

M−1 for the ATP-bound and ATP-free states, respectively.
NADH-Coupled ATPase Assay
NADH-coupled ATPase assays34 were carried out at 25 °C in a
reaction buffer containing 25 mM HEPES (pH 7.5), 5 mM
MgCl2, 100 mM NaCl, 257 μM NADH, 50 U/ml LDH, and an
ATP regeneration system (2 mM ATP, 1 mM PEP, and 20 U/
mL PK). A total reaction volume of 100 μL was used with 1.8
μM (hexamer concentration) of the YME1L construct in each
reaction. To measure the ATP hydrolysis rate in the presence
of Zn2+, a final concentration of 25 μM ZnCl2 was included in
the reaction. Reactions were carried out in triplicates. The
decrease in absorbance at 340 nm was monitored in a 96-well
plate using an Epoch 2 Microplate Spectrophotometer
(BioTek Instruments). The ATPase hydrolysis rate was
calculated by using Beer’s law and the NADH extinction
coefficient at 340 nm (ε340 = 6,220 M−1cm−1).
Protein Degradation Assays
Substrate degradation assays were conducted at 29 °C using
2.6 μM (hexamer concentration) of YME1L in a buffer
containing 25 mM HEPES (pH 7.5), 100 mM NaCl, 10 mM
MgCl2, 1 mM DTT, 25 μM ZnCl2, and an ATP regeneration
system (5 mM ATP, 2 mM PEP, and 2.5 U mL−1 PK). 10 μM
a α-casein (Sigma-Aldrich, Catalogue #C6780) was used in the
reaction. Aliquots were sampled from the reaction mix at
various time points and mixed with a 2× SDS-loading buffer
(FroggaBio Inc.) including 2 mM DTT to quench the reaction.
Degradation was evaluated by SDS-PAGE to separate the
band, followed by Coomassie Brilliant Blue G-250 staining.
The SDS-PAGE gels were imaged using the BioRad
ChemiDocTsM XRS+ gel documentation system, and the
band intensities of α-casein as a function of reaction time were
quantified using Image LabTM software (Bio-Rad).
NMR Experiments
All protein samples were buffer exchanged using centrifugal
filters (Amicon Ultra, 10 kDa MWCO, Millipore Sigma) into
either H2O NMR buffer [25 mM Bis-tris (pH 6.5), 25 mM
NaCl, 1 mM EDTA] or D2O NMR buffer [25 mM HEPES,
pH 7.0 (pD 7.4), 25 mM NaCl, 1 mM EDTA] depending on
the NMR experiment. The protein samples were centrifuged at
6,000 × g for 1 min to remove any aggregates prior to NMR
experiments. NMR experiments were conducted on Bruker
AVANCE III 14.1 T and Bruker AVANCE III HD 18.8 T
spectrometers equipped with cryogenically cooled, pulse-field
gradient, triple-resonance probes. The NMR spectra collected
were processed with NMRPipe35 and visualized using
NMRFAM-SPARKY.36 The 1H-13C HMQC experiments of
[13CH3-ILVM]-labeled ΔNYME1L and YME1LAAA were
acquired with an interscan delay of 1.5 s with the carriers
positioned at 19 and 0.8 ppm and acquisition times of 21.3 and
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64 ms at the t1 and t2 dimensions, respectively. To obtain
assignment of the methyl groups, the 1H-13C CT-HSQC
experiment of [U-15N, 13C]-labeled αβ subdomain of
YME1LAAAwas acquired with an interscan delay of 1.5 s with
the carriers positioned at 20 and 4.683 ppm and acquisition
times of 27.8 and 64 ms at the t1 and t2 dimensions,
respectively. Two methyl-TROSY-based 3D NOE experi-
ments, which record chemical shifts as 13C[i]-NOE-13C[j]-1H-
[j] and 1H[i]-NOE-13C[j]-1H[j],37,38 respectively, were
acquired on [13CH3-ILVM]-labeled YME1LAAA using an
NOE mixing time of 200 ms at 18.8 T and 20 °C.

In order to measure the binding affinity of ADP to the
monomeric YME1LAAA, a titration was performed in which
ADP was added to a solution of [13CH3-ILVM]-labeled
YME1LAAA (maintained at 100 μM) in a series of 13 steps
from 0 to 392 μM. Assuming a one-site binding model, the
binding curves were individually fit to the following equation
using nonlinear least-square fit:

=

×
+ + + +

I I

P L K P L K P L

P

( ) 4

2

bound bound

T T d T T d
2

T T

T

where Ibound is the intensity of the bound peak at each titration
point, Ibound is the intensity of the bound peak at the fully
bound state, and PT and LT are the total concentrations of
YME1LAAA and ADP, respectively. Fitting was performed using
an in-house Python script employing the “lmfit” package, with
Kd and Ibound being the fitted parameters. The final Kd is the
average of the individually fitted Kd values with uncertainty
obtained from the standard deviation.
HDX-MS
To prepare the samples for the HDX-MS experiments, protein
stocks were diluted in an equilibration buffer in H2O
containing 50 mM HEPES (pH 7.5), 100 mM NaCl, 1 mM
EDTA, and 10 mM MgCl2. The buffers were supplemented
with 10 mM ATP or ADP to create the ATP-bound and ADP-
bound states, respectively. For the (ATP, Zn2+)-bound
hexYME1L, the protein was incubated in 50 mM HEPES
(pH 7.5), 100 mM NaCl, 10 mM MgCl2, 10 mM ATP and 1
mM of ZnCl2. HDX reaction was initiated by a 10-fold dilution
into a D2O-based buffer with the same composition as the
equilibration buffer and additives depending on the condition
of interest at pD 7.5.39 HDX reactions were quenched at fixed
time points of 0.167, 0.5, 2, 10, and 30 min after the exchange
process via acidification to pH of 2.5 in a 1:1 ratio of HDX
reaction and quench buffer (250 mM Na3PO4, 3 M Gdn-HCl,
3 mM MAPCHO-12, pH 1.37), followed by flash freezing in
liquid N2. The final sample contained 0.033 μM (hexamer
concentration) YME1L with a D2O concentration of ∼90%.
Samples were stored at −80 °C until LC-MS analysis. All time
points and conditions were run in triplicate to assess the
reproducibility of the measurements.

For LC-MS, the samples were rapidly thawed and injected
into the 50 μL loop of an M-class ACQUITY ultraperformance
liquid chromatography (UPLC) equipped with HDX technol-
ogy (Waters). The protein was digested into smaller peptide
fragments via an immobilized Nepenthesin II column (AP-PC-
004m, 1 mm × 20 mm, 16.2 μL vol., AffiPro). The generated
peptic peptides were trapped on a C18 Vanguard BEH column
(ACQUITY UPLC BEH, 1.7 μM, 2.1 mm × 5 mm, Waters)
for 3 min at 100 μL min−1 prior to MS analysis. While

maintaining 0 °C, the trapped peptides were subsequently
separated on a UPLC HSS T3 column (ACQUITY, 1.8 μM, 1
mm × 50 mm, Waters) at a 100 μL min−1 rate with an 8 min
water/acetonitrile gradient acidified with 0.1% formic acid. To
minimize the carryover of samples, the trapping and analytical
columns were cleaned for 12 extra minutes. Additionally, a
pepsin wash (1.5 M Gdn-HCl, 5% acetonitrile, 0.8% formic
acid, 1.5 mM MAPCHO-12) was injected 5 times during each
run. The LC eluent was directed to a Synapt G2Si mass
spectrometer (Waters) equipped with a dual electrospray
ionization source (ESI) operated in positive-ion mode. The
mass spectrometer fitted with a standard ESI was operated in
positive ion mode with a capillary voltage of +3 kV. The
instrument was calibrated online via infusion of LeuEnk
solution (1+, 556.2771 m/z) from the LockSpray exact mass
ionization source (Waters) every 20 s at a flow rate of 10 μL
min−1. The cone and desolvation gas flows were set to 90 and
600 L h−1, respectively. The source and desolvation temper-
atures were 80 and 175 °C, respectively. The instrument was
operated in resolution mode with an acquisition m/z range of
50 to 2000 Th. Subsequently, HDX data analysis to measure
deuterium uptake was performed using DynamX 3.0 software
(Waters).

Peptide mapping was performed in triplicate on undeu-
terated samples using data-independent acquisition (DIA), also
known as the MSE mode. The MSE data sets were processed by
the ProteinLynx Global Server (PLGS) software program
(Waters) searching against a database of the YME1L construct
sequence. Additionally, the PLGS processing parameters were
set to lock a mass window of 0.4 Da and low energy and
elevated energy thresholds of 100 and 50 counts, respectively.
PLGS generated ion accounting files in CSV format, consisting
of a list of all identified peptides for all three runs of the
undeuterated control samples. Information including individ-
ual peptide sequences, the number of matched product ions,
the charge number, m/z value of all precursor ions was
provided from the ion accounting files. Subsequently, YME1L
peptides that were identified in all triplicates after filtering
using the parameters suggested by Sørensen and colleagues
were included to be processed further.40

The identified peptides from PLGS were subsequently
analyzed using DynamX 3.0 software. The mass spectra of all
the peptides under each exchange time point were manually
checked to maximize the analysis quality and overall sequence
coverage. The deuterium uptake profiles plotting the
deuterium uptake of individual exposure points in all states
for individual peptides were generated once the mass spectra
were fully analyzed. The centroid mass of both deuterated and
undeuterated peptide isotope distribution under each time
point was obtained according to this equation:

× I

I

( )i
m
z i i

i i

where the spectral intensity of the ith channel in the spectrum is
represented by Ii.

41 The deuterium uptake differences between
conditions were calculated by comparing the centroids of
isotope distributions between the deuterated and undeuterated
samples. We used a hybrid significance test model that selected
peptides with deuterium uptake differences greater than ± 0.5
Da and that also passed Welch’s t test with α < 0.01,42 to
ascertain significant differences in deuterium uptake. The heat
maps were generated using HDgraphiX.43 All deuterium
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uptake data, peptide coverage maps, and a summary of
experimental conditions (Table S1) are available in the
Supporting Information.44

DTNB Assay

A Walker-B variant (E439A) was also introduced into the three
cysteine variants (M500C, M701C, and M452C) to prevent
ATP hydrolysis during the assay. Prior to the DTNB assay, the
cysteine variants were incubated with 10 mM DTT to reduce
the cysteine followed by size exclusion chromatography to
remove DTT from the protein stock solution. 10 mM DTNB
was prepared in a buffer containing 100 mM sodium
phosphate (pH 7.8) and then diluted to 1 mM in a buffer
containing 50 mM HEPES (pH 7.5), 100 mM NaCl, and 1
mM EDTA. A titration was performed by adding 10 μL of
protein (80−200 μM monomeric concentration) consecutively
to the 1 mM DTNB solution and monitoring the reaction
using UV−vis absorbance. For the ATP-bound state, a final
concentration of 5 mM ATP and 10 mM MgCl2 was included
in both the DTNB and the protein solution prior to the
titration. The absorbance at 412 nm was plotted as a function
of protein concentration and fitted with a linear function

=y kx( ), in which the slope was used to extract the fraction of
reacted thiol groups using an extinction coefficient of 14150
cm−1 M−1 for TNB.45

■ RESULTS

A Hexamerization Tag Promotes the Formation of Active
Hexameric YME1L Catalytic Domain

YME1L must assemble into a hexamer for both its ATPase
activity and its ATP-dependent proteolytic function. YME1L
oligomerization, in turn, is facilitated by its N-terminal domain
(NTD) and transmembrane domain (TMD) (Figure 1A).6

Glynn and coworkers showed that replacing the NTD and
TMD with a soluble 32-residue hexameric coiled-coil domain
promotes the hexamerization of the YME1L catalytic domain
(ΔNYME1L) and restores its ATPase and protease activities.6,8

Following this approach, we used the same construct
consisting of an N-terminal hex-tag connected to the catalytic
domain of YME1L by a 10-residue linker (hexYME1L) (Figure
1A) and characterized its hydrodynamic properties and
enzymatic activity.

We first used size exclusion chromatography (SEC) to
characterize the oligomeric states of hexYME1L and ΔNYME1L.
The SEC peak of hexYME1L is centered at 11 mL, while that of
ΔNYME1L is at 15 mL (Figure 1C). These elution volumes are
consistent with the molecular weights of the hexameric (332
kDa) and monomeric YME1L (51 kDa), respectively, and with
previous findings.6 The elution volume of ΔNYME1L remained
unchanged (i.e., monomeric) in the presence of 5 mM ATP
(Figure 1C), suggesting that the addition of nucleotide alone is
insufficient to promote hexamerization of the catalytic domain
in the absence of the hex-tag at low protein concentrations (∼6
μM monomeric YME1L concentration at the center of the
SEC peak). We subsequently used dynamic light scattering
(DLS) to probe the concentration- and temperature-depend-
ence of oligomerization for our YME1L constructs. We
measured the hydrodynamic radius of ΔNYME1L and hexY-
ME1L in the presence and absence of 10 mM ATP at a
monomeric concentration of 200 μM (all YME1L concen-
trations reported hereafter refer to subunit concentrations)
(Figure 1D). The difference in hydrodynamic radius between

ΔNYME1L and hexYME1L indicates that ΔNYME1L remains
predominantly monomeric even at a [YME1L] of 200 μM,
suggesting a low intrinsic propensity for oligomerization. No
significant difference in the hydrodynamic radius was observed
between the nucleotide-free and ATP-bound states of ΔNY-
ME1L, consistent with the SEC results. To further quantify the
self-association affinity of ΔNYME1L, we measured the
hydrodynamic radius of ΔNYME1L across a concentration
range of 25 to 200 μM (Figure 1E). Fitting these data to an
oligomerization model yielded a single-step association
constant of (3.52 ± 0.07) × 103 and (3.38 ± 0.07) × 103

M−1 for the nucleotide-free and ATP-bound states, respectively
(see Materials and Methods), further supporting a low affinity
for oligomerization. Additionally, we performed DLS measure-
ments on ΔNYME1L across temperatures ranging from 7.5 to
50 °C (Figure S1). Prior to the onset of protein aggregation,
no significant changes in hydrodynamic radius were observed
(Figure S1). Collectively, these findings suggest that the
catalytic domain of YME1L has a low intrinsic propensity to
oligomerize, even in the presence of nucleotide. This
observation highlights the crucial role that the N-terminal
and transmembrane domains play in facilitating YME1L
hexamer formation.

We measured the ATPase activity of our constructs using an
NADH-coupled assay.34 The initial ATPase rate for hexYME1L
was 1.97 ± 0.04 min−1 hexamer−1 (Figure 1F), consistent with
a previous report.6 In contrast, substituting Walker-B motif
E439 for alanine (hexYME1LE439A) leads to a 46% reduction in
ATPase activity compared to that of hexYME1L (Figure 1F), in
agreement with a conserved mechanism for ATP hydrolysis in
AAA+ motors. In addition, the hex-tag together with the AAA+
domain of YME1L (hexYME1LAAA) displays ∼26% higher
ATPase activity compared with hexYME1L (Figure 1F),
suggesting that the AAA+ domain itself is sufficient to form
the obligate hexamer to support ATP hydrolysis in the
presence of the hex-tag. The AAA+ domain without the hex-
tag (YME1LAAA) showed no measurable ATPase activity, likely
due to the monomeric state of the AAA+ domain (Figure 1F).
We also characterized the protease activity of hexYME1L using
α-casein as a model substrate. hexYME1L degrades α-casein in
an ATP-dependent manner (Figure 1G and H, and Figure S2).
In contrast, a YME1L variant with a catalytically deficient
protease active site (hexYME1LE600Q), in which the glutamate in
the HEXXH Zn2+-binding motif is substituted with a
glutamine,46,47 showed no protease activity in the presence
of ATP (Figure 1G and H, and Figure S2). Furthermore, we
observed no appreciable degradation of α-casein by the
Walker-B variant (hexYME1LE439A) (Figure 1G and H, and
Figure S2). These results demonstrate that the hex-tag
effectively mimics the hexamerization function of NTD and
TMD, thereby enabling the hexYME1L construct to perform
ATP-dependent substrate translocation and degradation.
Nucleotide Binds to the Monomeric AAA+ Domain of
YME1L and Modifies Side Chain Dynamics of the AAA+
Domain

We employed solution NMR spectroscopy to examine the
effect of nucleotide binding on the side-chain dynamics of
YME1L. Given the large molecular weight of YME1L (51 kDa
for monomeric ΔNYME1L and 330 kDa for hexYME1L), we
isotopically labeled the methyl groups of Ile (δ1), Leu (δ1,δ2),
Val (γ1,γ2), and Met (ε) side chains to introduce NMR-
detectable 13CH3-methyls in an otherwise highly deuterated
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background. This labeling scheme, referred to in what follows
as [13CH3-ILVM], in combination with NMR experiments that
exploit the methyl-TROSY effect48−50 allowed us to achieve
great sensitivity and resolution in the 1H-13C correlated NMR
spectra of the monomeric YME1LAAA (Figure 2B and Figure

S3B) and the monomeric ΔNYME1L (Figure 2F and Figure
S3C). However, [13CH3-ILVM]-labeled hexYME1LAAA failed to
yield high-quality NMR spectra, potentially due to dynamic
oligomerization and structural heterogeneity among subunits
(Figure S4A). The spectral quality somewhat improves upon

Figure 2. Nucleotide binding alters side chain dynamics in the AAA+ domain. (A) Domain organization of the two constructs, YME1LAAA and
ΔNYME1L, presented in the figure. (B) Overlay of 1H-13C HMQC spectra of [U-2H, ILVM-13CH3] labeled YME1LAAA in the presence (blue) and
absence (green) of 5 mM ADP. (C) Titration profiles of selected peaks from (B) with increasing concentrations of ADP, fitted to a one-to-one
binding model for slow chemical exchange. Chemical shift perturbations (CSPs) (D) and intensity ratios (E) of the methyl peaks in YME1LAAA in
the ADP-bound versus apo states. The orange dashed line in (E) indicates an intensity ratio of 1.0. (F) Overlay of 1H-13C HMQC spectra of
[U-2H, ILVM-13CH3] labeled YME1LAAA (green) and ΔNYME1L (yellow), respectively, in the apo state. (G) Overlay of 13C-1H HMQC spectra of
[U-2H, ILVM-13CH3] labeled ΔNYME1L in the presence (cyan) and absence (yellow) of 5 mM ADP. Chemical shift perturbations (CSPs) (H) and
intensity ratios (I) of the methyl peaks in ΔNYME1L in the ADP-bound versus apo states. Spectra were acquired at 14.1 T and 20 °C.
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the addition of a slowly hydrolyzing ATP analogue, ATPγS
(Figure S4B), yet the resolution is not sufficient for further
NMR-based investigation. Therefore, our NMR character-
ization focuses on the monomeric YME1L constructs�
YME1LAAA and ΔNYME1L. By analyzing the nuclear Over-
hauser effect (NOE) between methyl groups in YME1LAAA,
aided by the AlphaFold3-predicted structure of YME1LAAA
(Figure S5) and by regional information on the methyl groups
obtained from dividing YME1LAAA into two subdomains
(Figure S6), we were able obtain unambiguous assignments
for 9 of 17 Ile residues in YME1LAAA (Figure 2B). We then
characterize the binding of ADP and its effect on the dynamics
of the methyl side chains in our monomeric YME1L
constructs. We titrated ADP into [13CH3−ILVM]-labeled
YME1LAAA, which resulted in the appearance of two sets of
peaks, corresponding to the ligand-free and ligand-bound
populations (Figure S7A). This observation indicates that ADP
binds to the monomeric AAA domain and that the binding
causes the so-called “slow chemical exchange” process,51,52

with an exchange rate (kex) estimated from the NMR spectra to
be slower than 15 s−1. This phenomenon can be exploited to
quantify concentrations of the free and bound forms of protein.
By fitting the titration profiles of the free and bound peaks, we
determined an average dissociation constant Kd value of 4.6 ±
2.3 μM (Figure 2C and Figure S7B), consistent with previously
reported values.53 Interestingly, 55 out of the 94 resolved
methyl groups in the AAA+ domain displayed a more than
20% increase in peak intensity in the ADP-bound state
compared to the apo state (Figure 2E), which could arise from
reduced chemical exchange broadening, reduction in methyl
order parameters, or differences in overall tumbling of the
AAA+ domain upon ADP binding. We subsequently recorded
the 1H-13C correlated spectra of [13CH3-ILVM]-labeled
ΔNYME1L. The spectrum of YME1LAAA largely overlaps with
that of ΔNYME1L (Figure 2F and Figure S8), allowing us to
distinguish peaks that originate from the AAA+ domain
(present in both YME1LAAA and ΔNYME1L spectra) from
those that originate from the protease domain (only present in

Figure 3. The structural dynamics of hexYME1L are impacted by the binding of nucleotides. Heatmaps display the differential deuterium uptake of
hexYME1L bound to (A) ADP and (B) ATP relative to apo hexYME1L. Rigidification is observed across the AAA+ domain, mainly pronounced in
regions that line the nucleotide binding site. (C) The deuterium uptake of the ATP-bound state compared to ADP-bound hexYME1L suggests that
the nucleotide binding site is more dynamic when bound to ATP and rigidifies upon hydrolysis. (D) The differential deuterium uptake of ATP- and
Zn2+-bound hexYME1L relative to apo hexYME1L shows a reduction of deuterium uptake in the nucleotide binding site of the AAA+ domain and the
Zn2+ binding site of the protease domain. (E) The differential deuterium uptake of ATP-bound relative to apo hexYME1L after 2 min of deuterium
exposure is mapped onto an AlphaFold315 structural model of the protein, emphasizing the reduction of deuterium uptake localized in the
nucleotide binding site of the AAA+ domain. (F) Upon the addition of Zn2+, rigidification is observed in residues that line the Zn2+ binding site in
the protease domain. Regions of the protein that are not covered during HDX-MS are shown in gray on the cartoon representation of a monomer.
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the ΔNYME1L spectra). Addition of ADP to the monomeric
ΔNYME1L induced chemical shift changes in peaks originating
from the AAA+ domain (Figure 2G), similar to those observed
in the monomeric YME1LAAA (Figure 2B), likely resulting
from direct interaction with ADP. However, we did not
observe significant chemical shift perturbations in peaks
originating from the protease domain (Figure 2H and Figure
S3). Furthermore, ADP binding primarily led to increased peak
intensities in the AAA+ domain, with minimal changes in the
protease domain (Figure 2I), indicating that nucleotide
binding predominantly affects side-chain dynamics within the
AAA+ domain in the monomeric YME1L construct. Together,
these results demonstrate that ADP binding selectively
modulates side-chain dynamics within the AAA+ domain of
monomeric YME1L, though the absence of full residue-specific
assignments limits detailed structural interpretation and
motivates further investigation.
Backbone Dynamics of YME1L Is Modulated by Nucleotide
and Zn2+ Binding

We subsequently used hydrogen/deuterium exchange mass
spectrometry (HDX-MS) to examine changes in backbone
dynamics across various nucleotide-free and nucleotide-bound
states. HDX-MS is highly sensitive to molecular motions, as
the HDX rate of individual backbone amides is influenced by
their solvent exposure and participation in hydrogen bonding
networks.54 Rigid protein segments undergo HDX slowly,
while regions that undergo local conformational fluctuations
and transient opening of the hydrogen bonds become
deuterated faster.54 HDX-MS is a well-established tool for
investigating the conformational dynamics of AAA+ motor
proteins through comparative analyses of nucleotide-free and
nucleotide-bound states.55 Regions involved in ligand binding
typically show a decrease in deuterium uptake, while allosteric
changes in the protein can result in either an increase or a
decrease in uptake.56

We performed a bottom-up continuous labeling HDX
experiment to monitor the structural transitions of hexameric
YME1L in the apo, ADP-bound, ATP-bound, and ATP+Zn2+-
bound forms. To reduce the rate of ATP hydrolysis during
labeling, experiments were carried out on the hexYME1LE439A
construct. Our peptide mapping strategy identified 157 high-
quality peptides with quantifiable deuterium uptake levels,
corresponding to 91.1% sequence coverage and a redundancy
level of 4.24 (Figure S9). The majority of these peptides
displayed unimodal symmetric isotopic profiles that gradually
incorporate deuterium over time. This is indicative of EX2
behavior, where the HDX rate (kHDX) is significantly slower
than local protein motions (kcl). We compared deuterium
uptake along YME1L’s sequence across different nucleotide-
bound states relative to the apo form and presented the results
as heat maps (Figure 3, Figure S10, and Figure S11). In both
the ADP-bound (Figure 3A) and ATP-bound (Figure 3B)
states, a series of peptides in the AAA+ domain showed
reduced deuterium uptake, suggesting that nucleotide binding
largely increases the backbone rigidity in this domain. This is
consistent with our NMR results where modulation of side
chain dynamics was predominantly observed in the AAA+
domain in response to nucleotide binding. Peptides surround-
ing the nucleotide-binding pocket, in particular those
containing the Walker-A motif (peptides 377−387, 377−388,
378−387, 379−387, and 381−387), showed significant
reduction in deuterium uptake in the ADP- and ATP-bound

states, consistent with the function of the conserved K385 in
the Walker-A motif coordinating the β-phosphate of
nucleotides.57−59 Additionally, peptides within the small
AAA+ subdomain (residues 509−579) showed decreased
deuterium uptake upon nucleotide binding, indicative of loss
of conformational dynamics. Nucleotide binding in the cleft
between the large and small AAA+ subdomains has been
shown to induce interdomain rotations,59,60 which may
underlie the observed rigidification. The second region of
homology (SRH) also exhibited reduced flexibility in
nucleotide-bound states (peptides 468−488), consistent with
its function of interacting with the nucleotide from a
neighboring subunit (in trans).61 Interestingly, a comparison
between ADP- and ATP-bound states revealed that ADP-
bound YME1L showed greater protection (reduced deuterium
uptake) in the AAA+ domain, suggesting enhanced backbone
rigidity upon nucleotide hydrolysis (Figure 3C and Figure S10
and S11). YME1L is a zinc metalloprotease with active site
residues H599, H603, and D677 coordinating a Zn2+.
Comparing the deuterium uptake of the ATP, the Zn2+-
bound state of hexYME1L to that of apo hexYME1L also showed
significantly reduced deuterium uptake in the Zn2+-binding
region (residues 649−683), as anticipated (Figure 3D).

Unlike the ATPase domain, the protease domain exhibits
little change in response to nucleotide binding. Interestingly,
we observed a modest decrease in deuterium uptake for several
peptides spanning residues 612−634 and 702−722 in the
protease domain upon ADP or ATP binding (Figure 3A and B,
and Figure S12). Residues 612−634 are located at the interface
between the AAA+ and protease domains, while residues 702−
722 lie at the subunit interface and at the central pore (Figure
S13). This observation suggests potential long-range crosstalk
between the AAA+ and protease domains or reduced solvent
exposure of the central pore in the protease due to structural
rearrangement in the AAA+ domain. Notably, the long-range
effect of nucleotide binding was absent in the NMR
experiments (Figures 2H and I), which we attribute to the
use of the monomeric ΔNYME1L construct in NMR versus the
hexameric hexYME1L construct in HDX-MS. To test this
hypothesis, we compared the deuterium uptake of the
nucleotide-bound and apo states of monomeric ΔNYME1L
(Figure S12). Consistent with the HDX-MS results from the
hexameric hexYME1L, nucleotide binding also induces rigid-
ification of the AAA+ domain of monomeric ΔNYME1L
(Figure S14A and B). A comparison between hexYME1L and
ΔNYME1L in the ATP-bound state revealed only slight
differences, with hexYME1L showing marginally more protec-
tion throughout the entire sequence (Figure S14C), likely due
to the hex-tag-promoted oligomerization (Figure 1). Notably,
we only detected the rigidification of the protease domain
(peptides 612−634 and 702−722) upon nucleotide binding in
the hexYME1L construct (Figure 3A and B) but not in the
ΔNYME1L construct (Figure S14A and B). These results
establish that hexamerization is required for the long-range
effect of nucleotide binding on the protease domain of
YME1L.
Functional Allostery between the AAA+ and Protease
Domains of YME1L

To explore potential functional allostery between the AAA+
and protease domains, we introduced an E600Q substitution at
the protease active site of hexYME1L to suppress the proteolytic
activity and tested the ATPase activity of the enzyme. Notably,
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this variant had an 8.6-fold increase in the ATPase activity
despite the substitution site being located more than 40 Å from
the ATP-binding site (Figure 4A and B). This striking
enhancement provides strong evidence for long-range allosteric
coupling between the two domains and underscores the
structural plasticity of the YME1L complex. In contrast, zinc

binding at the protease site had little effect on the ATPase
activity (Figure S15), consistent with the HDX-MS data that
showed the addition of zinc does not alter the deuterium
uptake pattern of the AAA+ domain (Figure 3B and D).

To further investigate the allosteric effect of the E600Q
substitution on the conformational dynamics of the AAA+

Figure 4. Functional allostery between the AAA+ and protease domains of hexYME1L. (A) Cartoon representation of the catalytic domain of a
YME1L subunit predicted by AlphaFold3,15 highlighting the distance between E439 (Walker-B motif) at the active site of the AAA+ domain and
E600 at the catalytic site of the protease domain (left). The domain interface highlighting residues D575 and K618 that are proposed to form a salt
bridge and are involved in allosteric communication between the two domains is enlarged on the upper right. The proteolytic active site is enlarged
at the lower right. (B) Rates of ATP hydrolysis of hexYME1L variants, with D575N, K618Q, and K618M introduced to either hexYME1L or
hexYME1LE600Q. Normalized ATPase activities with respect to those of hexYME1L are annotated above the bars. (C) Heatmap displays the
differential deuterium uptake of ATP-bound hexYME1LE600Q,E439A relative to apo hexYME1LE600Q,E439A. (D) The differential uptake after 2 min of
deuterium exposure is mapped onto a YME1L subunit, highlighting the rigidification observed in the nucleotide binding site of the AAA+ domain.
(E) Sequence alignment of YME1L and other homologous AAA+ proteases, including S. cerevisiae YME1, E. coli FtsH, human AFG3L2, and
paraplegin. The overall sequence identity of each homologue to YME1L is shown in percentages. Sequence conservation or similarity for D575,
E600Q, and K618 across the homologues is highlighted in blue. (F) SDS-PAGE shows the lack of degradation of α-casein due to the amino acid
substitutions that disrupt allostery�K618Q, K618M, and D575N, in comparison with that by hexYME1L. Images of the uncropped SDS-PAGE gels
are shown in Figure S12.
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domain, we performed HDX-MS experiments on the
hexYME1LE600Q variant in the apo and ATP-bound states
(Figure 4C and D). While ATP binding reduced the level of
deuterium uptake in the AAA+ domain, as observed in
hexYME1L, the magnitude of the change was substantially
diminished in the hexYME1LE600Q variant (Figure 4C and
Figure 2B). This may be as a result of the amino acid
substitution shifting the conformational ensemble of the AAA+
domain, reducing the dynamic difference between apo and
ATP-bound states, thereby effectively narrowing the energy
gap between the resting and transition states and enhancing
ATPase activity. Further support for long-range functional
coupling comes from the appearance of bimodal isotopic
distributions in HDX-MS spectra for residues 354−363 and
388−401, residues involved in nucleotide binding, within both
the apo and ATP-bound states of the hexYME1LE600Q variant

(Figure S16). These changes, occurring at sites distant from
the E600Q substitution, reinforce the notion of long-range
structural communication between AAA+ and protease
domains.

To examine this functional crosstalk in more detail, we
inspected the interface between the AAA+ and protease
domains in the AlphaFold3-predicted structure of YME1L, and
we found two residues�D575 (located on α9 in the ATPase
domain) and K618 (on β6 in the protease domain)�that are
within 3 Å of each other, suggesting a possible salt bridge
formation (Figure 4A, upper right). Sequence alignment of
YME1L with other homologous AAA+ proteases showed that
residues D575 and K618 are conserved (Figure 4E). To test
whether this potential salt bridge is essential for allosteric
communication, we prepared the D575N, K618Q, and K618M
hexYME1L variants to disrupt the interaction. Notably, none of

Figure 5. Nucleotide binding increases the stability of YME1L against aggregation. (A) Introduction of three cysteine substitutions in
hexYME1LE439A�M452C on the pore-2 loop and M500C and M701C situated at the subunit interface of the AAA+ domain and the protease
domain, respectively. (B)−(D) Absorbance changes in the DTNB assay (left) with the number of reacted cysteines per subunit (right) for M452C
(B), M500C (C), and M701C (D), in the presence and absence of ATP, recorded at 25 °C. The curves on the left are fitted with a linear
correlation y = ax. (E, F) Absorbance tracking the titration of M500C into the DTNB solution in the absence (E) and presence (F) of 5 mM ATP.
The concentrations of the hexYME1L subunits are shown in the legend. Aggregation was observed starting at 10.2 μM (subunit concentration) in
the absence of ATP, indicated by elevated baselines (E) and turbidity of the solution (G, left), while no aggregation occurred in the presence of
ATP (F and G, right). (H) Critical aggregation temperatures of hexYMELE439A at subunit concentrations of 25 and 200 μM in the presence and
absence of 10 mM ATP, measured by DLS.
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these point mutations disrupts the assembly of hexYME1L
(Figure S17). Compared to hexYME1L, these variants alone
resulted in only mild effects on the ATPase activity, with the
K618Q variant showing a 25% decrease, while the D575N and
K618M variants led to 1.38-fold and 2.39-fold increases,
respectively (Figure 4B, teal). However, when these sub-
stitutions were introduced in the background of the allosteri-
cally active hexYME1LE600Q variant (i.e., hexYME1L bearing the
E600Q & D575N, or E600Q & K618Q, or E600Q & K618M
substitutions), the ATP hydrolysis rate decreased by
approximately 4-fold in comparison to hexYME1LE600Q (Figure
4B, blue). This indicates that the allosteric activation of the
ATPase activity by E600Q is disrupted by substituting the
potential salt bridge at the domain interface, suggesting that
the salt bridge plays an important role in the allosteric
communication between the AAA+ and protease domains. We
then assessed whether this salt bridge is essential in the ATP-
dependent protease activity of YME1L by carrying out
substrate degradation assays on the D575N, K618Q, and
K618M variants of hexYME1L. Despite that all three variants
show comparable or even slightly higher ATPase activity
compared to hexYME1L, none of them is able to degrade the
model substrate α-casein (Figures 4F and S18), suggesting the
salt bridge between D575 and K618 is crucial for the
degradation of protein substrates. These results reveal
functional crosstalk between the AAA+ and protease domains
of YME1L and the importance of a salt bridge between D575
and K618 in bridging the allosteric communication and in
facilitating ATP-dependent substrate degradation.
Nucleotide Binding Increases the Stability of hexYME1L
against Aggregation

We used the DTNB assay to investigate whether nucleotide
binding affects the solvent accessibility of the subunit interface
and the central channel in hexYME1L.62 We selected three
residues for substitution with cysteines: (i) M500, located at
the subunit interface of the AAA+ domain, (ii) M701,
positioned at the subunit interface of the protease domain,
and (iii) M452, residing on the pore-2 loop within the central
channel (Figure 5A). The naturally occurring C433 in the
hexYME1L construct is not solvent exposed and does not react
with DTNB in the assay (Figure S19). All three YME1L
cysteine variants assemble into proper hexamers (Figure S20).
We titrated the hexYME1L variants into a solution with excess
DTNB and quantified the fraction of reacted cysteines in the
absence and presence of 5 mM ATP by measuring the slopes
of the absorbance change at 412 nm (Figure 5B−D). The
results revealed that 57%, 79%, and 66% of the cysteines
reacted with DTNB in the M452C, M500C, and M701C
variants, respectively, in the absence of nucleotides, suggesting
that all three positions are partially solvent exposed (Figure
5B−D, right). This is consistent with the subunit interface and
the central channel experiencing a high degree of local
dynamics, consistent with our HDX-MS (Figure 3) and
NMR (Figure 2) data. Surprisingly, we observed minimal
differences in solvent accessibility across all variants in the
presence of ATP (Figure 5B−D). However, increasing
concentrations of the TNB-modified hexYME1L led to protein
aggregation, indicated by the elevated baselines in the UV−vis
spectra and the apparent turbidity during the assay (Figure 5E
and G, left). Intriguingly, the presence of ATP protects the
modified hexYME1L from aggregation at elevated concen-

trations (Figure 5F and G, right) potentially by stabilizing the
conformation of the AAA+ domain.

In addition to the DTNB analysis, we evaluated the thermal
stability of hexYME1L against aggregation by using dynamic
light scattering (DLS). By monitoring the autocorrelation
profiles of hexYME1L as a function of temperature, we
leveraged the sensitivity of DLS to detect large aggregates
(Figure S21).63 Since aggregation is dependent on protein
concentrations, we tested hexYME1L at subunit concentrations
of 25 and 200 μM. The results show that hexYME1L starts to
aggregate when the temperature reaches above 25.0 and 22.5
°C (referred to as the critical aggregation temperature) in the
nucleotide-free state at subunit concentrations of 25 and 200
μM, respectively (Figure 5H, Figure S21A andC). The
addition of 10 mM ATP, however, increased the thermal
stability of hexYME1L, raising the critical aggregation temper-
atures by 5 and 7.5 °C at 25 and 200 μM, respectively (Figure
5H and Figure S21B andD). We also observed a similar
stabilizing effect of ATP on the monomeric ΔNYME1L
construct where ATP binding increases the critical aggregation
temperatures of ΔNYME1L at both 25 and 200 μM and
protects the protein from thermally induced aggregation
(Figure S22). These results demonstrate that ATP binding
stabilizes YME1L by reducing its propensity for aggregation
and increasing its thermal stability, providing a potential
explanation for its ATP-dependent regulation by OMA1 under
cellular conditions.9 However, this model will need to be tested
in cell-based systems.

■ DISCUSSION
Nucleotide binding and hydrolysis are critical components of
the functional mechanisms of AAA+ proteins. Oligomerization
of the AAA+ domains, often induced or stabilized by
nucleotide binding, is essential for their functions, typically
by facilitating the formation of active sites for ATP hydrolysis
at subunit interfaces and the formation of the central channel
as the passage of substrates. ATP binding and hydrolysis drive
cooperative conformational changes in the subunits, leading to
substrate translocation and remodeling.59,64,65 Interestingly, for
YME1L, nucleotide binding also appears to regulate the
degradation of the enzyme itself.23,25,66 Previous studies have
demonstrated that ATP-independent mitochondrial protease
OMA1 rapidly degrades YME1L in response to acute oxidative
stress, with ATP depletion being a prerequisite for its
degradation. It has been proposed that ATP binding enhances
the conformational stability of YME1L, thereby reducing its
susceptibility to proteolytic degradation.23,66 Furthermore, in
vitro proteinase K degradation assays have indicated distinct
conformational states for YME1L in the presence and absence
of nucleotides.25 Although the high-resolution structure of
substrate-engaged yeast YME1 has been elucidated,8 the
substrate-free conformation of human YME1L (51% homology
with yeast YME1) remains unknown. This raises important
questions regarding the mechanism by which nucleotide
binding prevents YME1L degradation by activated OMA1
following mitochondrial membrane depolarization. In this
study, we investigated the effects of nucleotide binding on the
conformational dynamics and structural stability of YME1L
using several structural and biophysical tools that include
HDX-MS, NMR, dynamic light scattering, and side-chain
chemical modification assays. Our findings demonstrate that
nucleotide binding stabilizes the catalytic domain of YME1L,
providing a potential explanation for how nucleotide binding
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protects YME1L from OMA1-dependent degradation. In the
absence of ATP, YME1L may adopt a less stable or more
aggregation-prone conformation, making it more susceptible to
degradation by OMA1. Conversely, when ATP is bound, the
enzyme remains in a more stable folded state, preventing
degradation.

Our HDX-MS data reveal that ATP and ADP binding
significantly reduce backbone flexibility in the AAA+ domain
of YME1L, particularly within the small helical AAA+
subdomain. Notably, these nucleotide-induced changes in
backbone dynamics of the AAA+ domain are observed in both
hexameric and monomeric YME1L (Figure 3 and Figure S14),
suggesting that the rigidification of the AAA+ domain occurs
within individual subunits rather than arising from structural
rearrangements at subunit interfaces. This observation is
consistent with previous structural studies, indicating that the
large and small AAA+ subdomains undergo substantial
movements relative to each other in a nucleotide-dependent
manner. These movements coordinate concerted structural
rearrangements among the subunits during substrate trans-
location.8 Moreover, our HDX-MS results demonstrate similar
deuterium uptake protection patterns for ATP- and ADP-
bound states, with the highest protection observed in the ADP-
bound state and the lowest in the apo state (Figure 3C and
Figure S11). Interestingly, prior structural studies indicate that
the two AAA+ subdomains are closest in the ADP-bound state
and farthest apart in the apo state, coinciding with their relative
backbone dynamics at different nucleotide states.8 Addition-
ally, reduced deuterium uptake in the Walker-A motif, which is
directly involved in nucleotide binding, has also been observed
in other AAA+ motors such as HSP10467 and ClpX.68 These
findings are consistent with earlier reports showing that the
binding of nucleotide protects YME1L from hydrogen
peroxide-induced conformational changes25 and prevents its
degradation in isolated mitochondria.23 Moreover, ATP
binding also mitigates chemical-modification-induced and
thermally induced aggregation of YME1L, further emphasizing
its structural stabilizing role.

Unlike many AAA+ proteins, truncated YME1L constructs
that lack the N-terminal and transmembrane domains exhibit a
low intrinsic propensity for oligomerization. Our DLS
measurements across a range of protein concentrations,
temperatures, and nucleotide conditions show no evidence of
oligomerization for the soluble domain. This contrasts with
homologous AAA+ proteases, such as FtsH and AFG3L2, that
oligomerize either in the absence or presence of nucleo-
tides.46,69 The low oligomerization propensity of YME1L may
result from a loosely packed or highly dynamic subunit
interface, which may result in partial solvent accessibility of the
engineered cysteines at the subunit interface, as observed in
the DTNB assays. The dynamic organization of the hexameric
YME1L is also reflected in the poor quality of the NMR
spectrum of [13CH3-ILVM]-labeled hexYME1LAAA (Figure
S4A), while improvement of the spectral quality upon the
addition of ATPγS suggests that nucleotide binding reduces
conformational dynamics and improves conformational homo-
geneity in the hexamer (Figure S4B). The dynamic nature of
the YME1L catalytic domain likely impedes high-resolution
structural determination by cryo-EM in the substrate-free
state8 and could correlate with its rapid degradation under
oxidative stress at ATP-depleted conditions.23

Allostery plays a pivotal role in the functional mechanisms of
AAA+ proteins. In most classic clade AAA+ proteins,70 ATP

binding and hydrolysis are allosterically coupled to the motion
of pore loops, which facilitates substrate unfolding and/or
translocation.8,59,71,72 Our HDX-MS results reveal reduced
deuterium uptake in the pore-2 loop (residues 446−454) upon
nucleotide binding, consistent with this conserved trans-
location mechanism. More interestingly, we observed long-
range allosteric communication between the AAA+ and
protease domains of YME1L. Amino acid substitution in the
protease active site leads to a significant increase in the ATPase
activity of the enzyme and alters the conformational dynamics
of the AAA+ domain. This allosteric communication appears
to be mediated by a conserved salt bridge at the domain
interface, as substitutions of the two residues involved in the
salt bridge abolish allosteric activation of ATPase function and
diminish the proteolytic activity of the enzyme. Long-range
allostery, either between different subunits or between the
AAA+ and other functional domains, has been reported to play
an important role in working mechanisms of AAA+
proteins.46,71,73−78 For example, in AAA+ Lon protease,
allosteric activation of the proteolytic activity has been
reported by substrate binding via induction of a “closed” ring
conformation in the AAA+ domain.79 To our knowledge, our
results constitute the first observation of a direct coupling
between the AAA+ and protease domains in YME1L,
contributing to a growing body of evidence that underscores
the critical role of interdomain allosteric communication in
AAA+ proteins.

■ CONCLUSION
In conclusion, our study demonstrates that nucleotide binding
not only facilitates YME1L’s enzymatic functions but also plays
a pivotal role in modulating its conformational dynamics and
structural stability, potentially contributing to the regulation of
its degradation under oxidative stress. Furthermore, the
observed allosteric communication between nucleotide hydrol-
ysis and proteolytic activity highlights new opportunities to
manipulate the YME1L function through allosteric mecha-
nisms.
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■ ABBREVIATIONS
AAA+, ATPases Associated with diverse cellular Activities
ADP, adenosine diphosphate
ATP, adenosine triphosphate
ATPγS, adenosine 5′-O-(3-thio)triphosphate
DLS, dynamic light scattering
DTNB, 5,5-dithio-bis(2-nitrobenzoic acid)
DTT, dithiothreitol
ESI, electrospray ionization

Gdn-HCl, guanidine hydrochloride
HDX, hydrogen−deuterium exchange
IPTG, isopropyl-β-D-1-thiogalactopyranoside
IMM, inner mitochondrial membrane
IMS, intermembrane space
Kd, equilibrium dissociation constant
LC, liquid chromatography
LDH, lactate dehydrogenase
L-OPA1, long form of OPA1
m/z, mass to charge ratio
MS, mass spectrometry
MWCO, molecular weight cutoff
NMR, nuclear magnetic resonance
NADH, reduced nicotinamide adenine dinucleotides
NTD, N-terminal domain
OD600, optical density
PAGE, polyacrylamide gel electrophoresis
PEP, phosphoenolpyruvate
PK, pyruvate kinase
SDS, sodium dodecyl sulfate
SEC, size exclusion chromatography
S-OPA1, short form of OPA1
SUMO, small ubiquitin-like modifier
TMD, transmembrane domain
TNB, 2-nitro-5-thiobenzoate
TROSY, transverse relaxation optimized spectroscopy
ULP, ubiquitin-like protease
UPLC, ultraperformance liquid chromatography
UV, ultraviolet
Vis, visible
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