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ABSTRACT: Mycobacterium tuberculosis Mpa is an AAA+ ATPase that unfolds and translocates substrate proteins during
proteasomal degradation. Mpa spontaneously assembles into a homohexamer driven by interdomain interactions, even in the
absence of a nucleotide. To dissect the mechanisms underlying its oligomerization and deoligomerization, we perturbed the system
using chemical and thermal denaturants and monitored the oligomeric states by far-UV CD, fluorescence, calorimetry, state-of-the-
art single-particle mass photometry, and ATPase activity assays. Equilibrium chemical denaturation resulted in gradual changes in
spectroscopic signals, whereas mass photometry revealed a direct transition from a hexamer to monomeric species, indicating a
concerted but noncooperative pathway without any intermediate oligomeric or folded monomeric states. In contrast, thermal
perturbation showed two sharp and distinct transitions, the first one corresponding to a concerted and cooperative transition from
hexamer to unfolded state, which further aggregates, and the second transition to disaggregation at elevated temperatures. Both
chemical and thermal unfolding processes were irreversible with respect to the reassembly of the functional oligomer. Using single-
particle mass photometry complemented by spectroscopy and calorimetry, these findings establish that Mpa is an obligate oligomer
and can provide insights into the oligomerization pathways of AAA+ enzymes that spontaneously hexamerize and have the potential
to further illuminate evolutionary strategies underlying their assembly mechanisms.

■ INTRODUCTION
Oligomerization is a common feature in proteins that
contributes to functional specialization and enhanced struc-
tural stability. Homo-oligomeric proteins are prevalent across
species and display considerable diversity in pathways during
deoligomerization and reoligomerization.1−5 Some of the
hexameric homo-oligomeric chaperone and nonchaperone
proteins, such as Hsp16.3 and RbsD, have been observed to
follow a stepwise disassembly,6,7 whereas chaperones such as
GroEL have been shown to remain tetradecameric but undergo
quaternary structure conformational changes before dissocia-
tion. The AAA+ (ATPases Associated with diverse cellular
Activities) family represents a widespread class of oligomeric
enzymes involved in critical cellular processes such as DNA
replication, protein degradation, and membrane remodeling. A
large number of these AAA+ enzymes assemble into closed-
ring hexameric structures, and this oligomeric architecture is

essential for ATP hydrolysis, which drives their mechanical
function.8−12 The ATPases involved in protein degradation,
such as ClpX, ClpA, and PAN, typically form symmetric
homohexamers that regulate substrate entry into the associated
peptidase compartments.13,14 Many of these ATPases form
hexamers only in the presence of nucleotide and predom-
inantly exist as monomers or dimers in the absence of a
nucleotide. ClpA proceeds through monomer−dimer-tetramer
assembly, whereas p97 hexamerizes even in the absence of
nucleotide and deoligomerizes directly into a monomeric state
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upon urea denaturation and can reassemble into an active
hexamer upon renaturation.9,15−19

The mycobacterial proteasomal ATPase, Mpa, from
Mycobacterium tuberculosis (Mtb), is one such AAA+ enzyme
that forms hexamers and facilitates the degradation of
pupylated protein substrates. Like other proteasomal AAA+
ATPases, Mpa functions as a mechanoenzyme, unfolding and
translocating substrates into the 20S core protease (20S CP)
for degradation. Unlike many other AAA+ enzymes, Mpa
spontaneously assembles into stable homohexamers even in
the absence of nucleotides20−23 (Figure S1). Mpa has four
major domains: the ATPase domain, two oligosaccharide-
binding (OB) domains together referred to as the interdomain
(ID) (Figure 1A), and a flexible coiled-coil domain (not
shown). Structural and mutational analyses have shown that
hexamer stabilization primarily arises from interactions
between the OB domains of individual monomers (Figure
1B). In particular, the OB2 domains play a dominant role, with
stabilization contributed through a combination of electrostatic
and hydrophobic interactions23,24 (Figure 1C).
Despite extensive biochemical, structural, and functional

studies, the mechanisms underlying the oligomerization,
deoligomerization, and stability of hexameric AAA+ assemblies
remain incompletely understood, particularly for the enzymes
that hexamerize in an ATP-independent manner. It is unclear
whether these enzymes assemble through defined intermedi-
ates (such as dimers or trimers) or transition directly from
monomers to hexamers. Studying the deoligomerization/
reoligomerization pathways of homo-oligomers can pave the
way for a mechanistic understanding of their oligomerization
pathways and has been used to understand the evolutionary
pathways of protein complex formation.1,25,26 The intrinsic
ability of Mpa to form stable hexamers independent of

nucleotides makes it a good model system to investigate the
oligomerization pathways of AAA+ hexamers. In this study, we
examined the urea-induced chemical and heat-induced thermal
deoligomerization and reoligomerization mechanisms of Mpa.
To characterize the structural, oligomeric, and functional states
of Mpa under these perturbations, we employed a combination
of spectroscopic, calorimetric, and size-based analysis ap-
proaches, including far-UV CD, fluorescence spectroscopy,
DSC, SEC-MALS, single-particle mass photometry, and
ATPase activity assays.

■ MATERIALS AND METHODS

Materials
Sodium chloride (catalog no. ASS270), imidazole (catalog no.
ASI2835), SDS (catalog no. ASS2711), and acetic acid (catalog no.
ASA1550) were purchased from Avra Synthesis (Hyderabad, India).
Tryptone (cat #RM9111), yeast extract (cat #RM027), Coomassie
brilliant blue R-250 (cat #MB153), ammonium persulfate (cat
#MB003), TEMED (cat #MB026), acrylamide/bis acrylamide
solution 40% (cat #ML083), and kanamycin acid sulfate
(PCT1105) were purchased from Himedia (Mumbai, India). Tris
(cat #79420), glycine (cat #64072), sodium phosphate dibasic
dodecahydrate (cat #57085), isopropanol (cat #67800), agar powder
(cat #19661), IPTG (cat #54110), PMSF (cat #87606), and DNAase
(cat #14658) were purchased from SRL (Mumbai, India). Magnesium
chloride hexahydrate (cat. no. DC0D693741), sodium dihydrogen
phosphate monohydrate (cat. no. DF0D701140), 1,6-hexanediol (cat.
no. H11807), thioflavin T (cat. no. T3516), and Amicon ultra
centrifugal filter (30 kDa cutoff) (cat. no. UFC9030) were purchased
from Merck. Qualigens hydrochloric acid (catalog no. Q29505),
Qiagen Ni-NTA agarose (cat #30210) were used. Phosphate-buffered
saline (PBS) buffer (catalog no. 1860454) was purchased from MP
Biomedicals (Mumbai, India). All of the enzymes BamHI-HF (cat. no.
R3136S), HindIII-HF (cat. no. R2104S), T4DNA ligase (cat. no.
M0202S), DpnI (cat. no. R0176S), T4 polynucleotide Kinase (cat.

Figure 1. (A) X-ray crystal structure of the Mpa homohexamer (PDB ID: 5KZF), with ATPase domain and the interdomains (OB1 and OB2)
highlighted. The coiled-coil domain is a flexible region and is not shown in the structure. (B) Individual OB domains (OB1 and OB2) from
monomeric units in a Mpa hexamer. (C) Interactions between OB domains of adjacent Mpa monomers. Hydrophobic and electrostatic interactions
are indicated by blue and red dashed lines, respectively.
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no. M0201S), and Q5 HF 2X Master mix (cat. no. M0492S) were
purchased from NEB.

Methods
Protein Expression and Purification. Mycobacterial proteaso-

mal activator (Mpa) gene (a gift from Heran Darwin’s lab, NYU
School of Medicine) was inserted into a modified plasmid vector
pET-28a(+), with a hexahistidine tag and TEV restriction site at the
N-terminus between the BamH1 and HindIII restriction sites. The
plasmid containing the Mpa gene was transformed into Escherichia coli
BL21DE3 competent cells, and the protein overexpression was
induced at 37 °C by 0.5 mM IPTG for 4 h after OD600 reached 0.6.
The bacterial cells were harvested at 4200 rpm for 20 min at 4 °C.
Further, cells were resuspended in the lysis buffer (50 mM sodium
phosphate, 200 mM NaCl, and 10% glycerol, pH 8) and lysed using a
probe sonicator. The lysate was separated from cell debris by
centrifugation and incubated with Ni-NTA beads at 4 °C. The beads
were washed with wash buffer containing 10 mM imidazole and
eluted using 300 mM imidazole. The eluents were concentrated and
further purified by size exclusion chromatography (SEC) column
using HiPrep 16/60 Sephacryl S-400 HR column and stored in SEC
buffer (25 mM Tris.HCl, 200 mM NaCl, 10 mM MgCl2, 1 mM DTT,
10% glycerol, pH 8).
Site-Directed Mutagenesis. Polymerase chain reaction (PCR)

was performed on Mpa using suitable primers to obtain the gene
encoding MpaW187F and MpaW570F. The PCR product was treated
with a kinase, ligase, and DpnI (KLD) mixture and transformed into
E. coli BL21DE3 competent cells. Plasmid was extracted from the
colonies, and mutations were confirmed by Sanger sequencing.
Size Exclusion Chromatography-Multiangle Light Scatter-

ing (SEC-MALS). 3.6 mg/mL of Mpa6 in SEC buffer was loaded onto
a Superdex 200 10/300 column and separated at a flow rate of 0.3
mL/min. The molecular weight of the protein was calculated using
Astra software.27

ATPase Activity Assay. ATP hydrolysis rate of Mpa was
determined by NADH-coupled assay28 on a multimode plate reader
(Synergy H1M) at 37 ̊C in SEC buffer by monitoring the decrease in
NADH absorbance at 340 nm with time. For concentration-
dependent studies, the Mpa monomer concentration was varied
from 60 to 1200 nM, and for the mutant activity studies, 1200 nM
Mpa was used. The assay and the ATP regeneration system
components include 5 mM ATP, 0.4 mM NADH, 5 mM
phosphoenolpyruvate, 20 U/mL pyruvate kinase, and 20 U/mL
lactate dehydrogenase.
Nondenaturing (Native) PAGE Analysis. The Mpa samples

were run on a 7.5% nondenaturing gel, visualized using a Bio-Rad
Chemidoc imaging system, and image processing was done by ImageJ
software. For studies at different salt concentrations, 1 μM Mpa6 was

incubated in SEC buffer with salt concentrations ranging from 0.15 to
3.2 M NaCl. For the chemical denaturation studies, 1 μM Mpa6 was
incubated in SEC buffer with urea concentrations ranging from 0 to 8
M at 25 °C for 16 h before loading onto the gel.
Far-UV Circular Dichroism spectroscopy. Chemical and

thermal denaturation of Mpa6 was analyzed by monitoring far-UV
CD spectra in a Jasco J-815 spectropolarimeter. For chemical
denaturation, the experiments were performed at 25 °C, whereas
thermal denaturation was performed in the temperature range of 20 to
90 °C with 5 °C intervals at a temperature ramp rate of 2 °C/min.
Steady-State Fluorescence Experiments. For chemical un-

folding studies, the tryptophan emission was monitored on a
spectrofluorometer using an excitation wavelength of 295 nm, and
the emission was recorded from 310 to 400 nm at 25 °C.
Single-Molecule Mass Photometry (MP) Studies. MP

measurements were performed using a Refeyn Two MP instrument
(Refeyn Ltd., U.K.) to determine the molecular mass and oligomeric
states of the protein at different denaturant concentrations. All of the
experiments were conducted at room temperature (25 °C).
Denaturing mass photometry protocol as described by Gizardin-
Fredon et al. was followed.29 Briefly, a 100 nM Mpa6 solution in PBS
was incubated at different urea concentrations for 16 h at 25 °C,
except for time-dependent and refolding studies. For each measure-
ment, 18 μL of PBS buffer solution was placed on the silicon gasket,
and the object was focused well through the “droplet dilution find
focus” method. Next, 2 μL of the protein at different urea
concentrations was added to this 18 μL buffer and mixed well, and
the measurements were done immediately (final concentration is 10
nM Mpa6). All of the acquisitions were recorded for 60 s in medium
camera image view mode in the AcquireMP software. A contrast-to-
mass calibration was conducted using Refeyn DiscoverMP software,
using 20 nM BSA (66 kDa monomer and 132 kDa dimer) and
thyroglobulin (660 kDa) proteins as standards. The maximum mass
error of the calibration plot was 0.6%, and the R2 value was 1.00.29−31

A similar protocol was followed for time-dependent studies by varying
the incubation time with 3 and 8 M urea and for refolding studies
after removing the urea by dialysis.
Refolding Studies. To study the chemical refolding of Mpa, 1

μMMpa6 was incubated with 8 M urea (in SEC buffer) for 16 h at 25
°C. The refolding was performed by gradual removal of urea by
dialysis, and the protein samples were collected at different urea
concentrations during the refolding process. The samples were stored
at 25 °C (except for fully refolded Mpa, which was stored at 4 °C).
Differential Scanning Calorimetry (DSC). Differential scanning

calorimetry (DSC) experiments were performed in the tris buffer (25
mM Tris·HCl, 200 mM NaCl, 10 mM MgCl2, 1 mM DTT, pH 8)
using 5 μM Mpa6 in a sample cell with a volume of 142 μL. Before
loading into the calorimeter, the protein sample was thoroughly

Figure 2. Size and ATPase activity analysis of Mpa: (A) Size exclusion chromatography showing a single major peak at ∼75 mL elution volume.
Inset shows the native gel of the concentrated elutions from volumes 60 to 85 mL with a band corresponding to the size of a hexamer. (B) SEC-
MALS analysis confirmed that the eluted peak corresponds to Mpa hexamer with a molecular mass of ∼420 kDa. (C) ATP hydrolysis rate as a
function of Mpa monomer concentration showing no significant difference. Data are presented as the mean ± SD (n = 3). Individual data points
are shown as white circles. Welch’s t test was performed for the pair of two successive concentrations, and the difference is not significant with p >
0.05.
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desalted and degassed at 25 °C. The measurements were carried out
on a MicroCal VP-Capillary automated DSC system (Malvern, U.K.),
with temperature scans ranging from 5 to 95 °C at a ramp rate of 1
°C/min. Multiple buffer scans were recorded before each protein scan
to assess and correct for thermal drift. During measurements, the
calorimetric cells were pressurized to approximately 60 psi to
minimize water evaporation at high temperatures.32

Nanodifferential Scanning Fluorimetry (Nano-DSF). Thermal
denaturation of Mpa6 was performed on a Prometheus Panta
(NanoTemper) differential scanning fluorimetry (DSF) instrument,
monitoring the tryptophan fluorescence. An excitation wavelength of
280 nm was used, and emission intensities were recorded at 330 and
350 nm. Measurements were performed over a temperature range of
20 to 90 °C, with a ramp rate of 1 °C/min. For refolding studies,
samples were first heated from 20 to 50 °C/90 °C, followed by
cooling from 50 °C/90 to 20 °C at the same scan rate. The ratio of
fluorescence intensities (I350/I330) and its first derivative were
analyzed to determine the melting temperature (Tm).

33

Turbidity Assays. The temperature-dependent turbidity assay was
conducted by measuring the optical density at 600 nm using a Jasco
V-760 spectrophotometer. Measurements were taken over a temper-
ature range of 20−90 °C with a ramp rate of 2 °C/min.

■ RESULTS

Size Analysis and ATPase Activity of Mpa6
Size exclusion chromatography (SEC) analysis revealed that
Mpa exists predominantly as a hexamer, even in the absence of
any nucleotide, eluting as a single major peak (Figure 2A).
Although a minor shoulder peak exists on both sides of the
major peak, native polyacrylamide gel electrophoresis (PAGE)
analysis showed that all of the elutions correspond to a single
hexameric band (inset, Figure 2A). SEC coupled with
multiangle light scattering (SEC-MALS) confirmed the size
of the oligomeric state as 420 kDa, consistent with a hexameric
assembly (Figure 2B). To determine the dependence of
ATPase activity on the Mpa monomer concentration, which
plausibly can suggest the presence of other oligomeric
states,34,35 ATPase rate was measured across a range of Mpa
monomer concentrations. The enzyme exhibited a similar ATP
hydrolysis rate of ∼80 ATPs/min/enzyme across all
concentrations tested, including as low as 60 nM, suggesting
a low dissociation constant and stable hexamer formation even
at low monomer concentrations (Figures 2C and S2).

Urea-Induced Deoligomerization of Mpa6
Chemical denaturation with urea was used to investigate the
structural and oligomeric stabilities of Mpa6. Native PAGE
analysis revealed that a gradual disassembly of the hexamer
directly to a monomeric species occurs, as observed by the
appearance of a band corresponding to the size of the
monomer with increasing urea concentration. Even at lower
urea concentrations (0.5 M/1 M), a band corresponding to
aggregated protein appears, which disappears as the urea
concentration increases. Hexamers remained stable even up to
6 M urea, beyond which only a monomeric species remains,
indicating the complete disassembly of hexamers (Figure S3).
Far-UV circular dichroism (CD) spectra showed that the
native protein exhibits minima at 222 and 208 nm, consistent
with a predominantly α-helical structure (Figure S4). A gradual
reduction in ellipticity at 222 nm was observed as the urea
concentration increases, reflecting progressive loss of secon-
dary structure, which continued until 5.5 M (Figures 3A and
S4). To further assess changes in tertiary structure, tryptophan
fluorescence emission spectra were recorded across the urea
concentrations from 0 to 8 M. The emission maximum shifted
gradually from 337 to 346 nm with increasing urea
concentration (Figure 3B), indicating that tryptophan residues
become more solvent-exposed. The emission maximum at 337
nm in the native state suggests that the tryptophans reside in a
relatively polar environment.
Mpa contains two intrinsic tryptophan residues: W187,

located in the OB2 domain, and W570, located within the
ATPase domain. The changes observed in tryptophan
fluorescence emission during chemical denaturation reflect an
average response of both the residues. To resolve their
individual contributions and confirm that the observed gradual
increase is due to structural changes and not any averaging
artifacts, we generated single tryptophan-to-phenylalanine
mutants, Mpa(W187F) and Mpa(W570F), and analyzed
their fluorescence properties independently. SEC profiles
confirmed that both the mutants retained their native
hexameric assembly (Figure S5A), and far-UV CD spectra
(Figure S5B) showed no significant alterations in secondary
structure relative to the wild-type protein. Fluorescence
measurements revealed minor differences in the emission
profiles of the two mutants. Mpa(W570F), which has the
native W187 displayed a 3 nm red-shifted emission maximum

Figure 3. Chemical denaturation of Mpa6: (A) Far-UV circular dichroism (CD) signal at 222 nm (MRE) of Mpa with increasing urea
concentration, indicating a gradual loss of secondary structure. (B, C) Tryptophan fluorescence emission maxima (excited at 295 nm) of (B) wild-
type Mpa and (C) its mutants, W187F and W570F, as a function of urea concentration. The blue and red circles represent the emission maximum
for W187F and W570F mutants, respectively. Data are presented as the mean ± SD (n = 3).
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relative to Mpa(W187F) (Figure S5C), consistent with a more
solvent exposure around W187, supported by the SASA
analysis. It also retains enzymatic activity, exhibiting an ATPase
rate comparable to that of Mpa (WT). The W570 residue in
Mpa is located near the ATP hydrolysis domain, and its
mutation affected the activity, resulting in an approximately
30% reduction in ATPase rate (Figure S5D). Upon increasing
urea concentration from 0 to 8 M, both the mutants exhibited
a gradual red shift in emission maximum, increasing from 338
to 349 nm for Mpa(W187F) and 341 to 350 nm for
Mpa(W570F) (Figure 3C). Both mutants exhibited similar
denaturation patterns as observed for the wild-type protein.
Together, CD and fluorescence data reveal a gradual,
noncooperative denaturing mechanism. This could arise either
from a stepwise disassembly of the oligomer (e.g., hexamer to
trimer/dimer to monomer), followed by unfolding, or from a
gradual shift of the equilibrium between hexameric and
unfolded monomeric forms as the denaturant concentration
increases. Native PAGE analysis shows a direct transition from
the hexameric to the monomeric state without detectable
intermediates, whereas spectroscopic data indicate a more
gradual unfolding process.
Single-Particle Mass Photometry Analysis of Mpa

To resolve the ambiguity between the observations from native
PAGE and spectroscopic analysis and further elucidate the
mechanism of deoligomerization and denaturation, we
employed single-particle mass photometry, a more sensitive
technique capable of resolving intermediate oligomeric species
based on mass and providing detailed insights into the
disassembly pathway. Mass photometry measurements re-
vealed that native Mpa predominantly exists as a hexamer
(∼420 kDa, ∼96%), with a minor population of monomeric
species (∼70 kDa, 2.5%) that was not detected by SEC-MALS
or native PAGE, underscoring the higher sensitivity of this
technique (Figure 4A). These percentages represent the
fraction of total Mpa molecules in hexameric and monomeric
states rather than the stoichiometric ratio of hexamers to
monomers. Upon gradual increase of the urea concentration,
the hexamer population converted directly into monomeric
species without significant accumulation of any other
intermediate oligomeric species, and at 8 M urea, predom-
inantly monomers were detected. A very minor population
corresponding to a dimeric species was also observed in the
native population; however, its proportion remained almost
constant at all urea concentrations, including 8 M urea, making
it unclear whether this peak reflects a genuine oligomeric
species or a trace impurity. These results corroborate native
PAGE analysis, confirming that Mpa exists primarily as a
hexamer under native conditions and dissociates directly into
monomeric species upon chemical destabilization. Comple-
menting the overnight equilibrium studies, time-dependent
analyses of 3 and 8 M urea−denatured Mpa6 were performed
to determine the presence of any other intermediate
oligomeric species before the equilibrium is reached. We
observed that the hexamer dissociates directly into monomeric
species without significantly populating any intermediate
oligomeric species, even at 1 min (Figures 4B and S6).
These data reconfirm the concerted nature of hexamer
disassembly. These monomeric species plausibly correspond
to an unfolded state based on their red-shifted tryptophan
fluorescence and loss of secondary structure.

Combining the size analysis and spectroscopic data results, it
can be interpreted that the Mpa gradually transitions from a
hexameric state to an unfolded monomeric state upon
chemical denaturation, as observed by both native PAGE
and mass photometry.
Probing the Stability of Mpa6 by Perturbing the
Electrostatic and Hydrophobic Interactions
To probe the contribution of electrostatic interactions to
hexamer stability, Mpa was subjected to increasing salt
concentrations ranging from 150 mM to 3.2 M NaCl, and
the oligomeric state was analyzed by native PAGE and mass
photometry. The hexameric assembly remained intact even at
high salt concentrations (>2 M) (Figure S7A,B). Similarly, the
Mpa6 was also treated with 1,6-hexanediol to determine the
effect of perturbing weak hydrophobic interactions among the
monomers, and the hexameric state remains intact even at 5%
(Figure S7C,D), indicating the stability of the hexamer and the
role of both electrostatic and nonelectrostatic interactions in
maintaining the oligomeric state. In both perturbations, higher
concentrations of the additives cause the protein to aggregate
at higher protein concentration (1 μM Mpa6, native PAGE),
whereas at lower protein concentration (10 nM Mpa6, mass
photometry), they lead to soluble monomeric species.

Figure 4. Mpa mass distributions analysis by single-particle mass
photometry: (A) Mass distribution of Mpa in native form and at
varying urea concentrations. (B) Variation in mass distribution with
time for Mpa in 3 M urea.
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Temperature-Induced Deoligomerization of Mpa6
Far-UV CD, nanodifferential scanning fluorimetry (nano-
DSF), differential scanning calorimetry (DSC), turbidity, and
activity assays were employed to investigate the deoligomeriza-
tion pathway of Mpa under thermal perturbation. Unlike the
gradual transitions observed during chemical denaturation,
thermal unfolding monitored by the CD ellipticity at 222 nm
displayed a cooperative transition with a midpoint at 40 °C
(Figures 5A and S8). Tertiary structural changes assessed by
nano-DSF, based on the first derivative of the I350/I330
fluorescence ratio, revealed two distinct transitions at 40 and
73 °C (Figure 5B). DSC measurements detected two
endothermic events: a lower amplitude peak at 45 °C and a
higher amplitude peak at 75 °C (Figure 5C, left axis) in

agreement with the nano-DSF results. To correlate structural
changes with enzymatic function, the ATPase activity of Mpa
was measured across a temperature gradient. Enzymatic
activity declined sharply above 37 °C and was completely
lost by 40 °C (Figure 5D), coinciding with the first transition
peak detected by nano-DSF and DSC. Both the far-UV CD
signal and enzymatic activity fitted well (R2 > 0.98) to a
sigmoidal curve, confirming a cooperative transition. Turbidity
measurements at 600 nm further confirmed a steep increase in
optical density above 40 °C, followed by a decline beyond 72
°C (Figure 5C, right axis). These transitions aligned well with
the thermal unfolding profiles from DSC and nano-DSF. The
initial rise in turbidity, followed by a decrease, likely reflects the
formation of soluble aggregates that subsequently disaggregate

Figure 5. Thermal denaturation of Mpa6: (A) Far-UV CD signal at 222 nm (MRE) of Mpa with increasing temperature, indicating a two-step
denaturation process. The data was fitted to a sigmoidal curve. (B) First derivative of tryptophan fluorescence emission intensity ratio I350/I330
(excited at 280 nm) with varying temperatures measured by nano-DSF, showing two transitions at 40 °C (positive derivative) and 73 °C (negative
derivative). (C) Heat capacity plot (blue circles, left axis) from DSC with varying temperatures, showing two endothermic transitions at 45 and 75
°C. The turbidity plot (red circle; OD at 600 nm, right axis) shows an increase in turbidity at 40 °C, followed by a decrease in turbidity from 75 °C.
(D) ATPase activity with increasing temperature. Above 37 °C, Mpa6 ATPase activity drastically decreases, with complete loss at 40 °C. Data are
presented as mean ± SD (n = 3). The data was fitted to a sigmoidal curve.
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into fully or partially unfolded monomers at higher temper-
atures. It is important to note that although a large fraction of
protein remains in soluble form, a fraction of insoluble protein
precipitates is also observed at temperatures >45 °C. The
nature of the aggregates was probed by the thioflavin-T assay,
which showed no change in the fluorescence intensity at higher
temperatures, indicating nonamyloid aggregates36 (Figure S9).
Refolding/Reoligomerization of Mpa after Chemical and
Thermal Perturbation

To assess the structural and functional consequences of
unfolding on refolding, native hexameric Mpa was chemically
denatured in 8 M urea and subsequently refolded by reducing
the urea concentration by slow dialysis. Native PAGE analysis
during refolding revealed that a band corresponding to the size
of the hexamer is observed only below ∼1.5 M urea. Upon

complete removal of the denaturant, unlike the native protein,
the refolded protein did not fully reassemble into the
hexameric state, and a substantial fraction remained in the
monomeric form (Figure S10). The mass photometry analysis
of the refolded protein shows that although a large fraction of
the Mpa molecules corresponds to the mass of hexamers, the
fraction of Mpa with the mass of monomers is higher than the
native protein (Figure 6A). Far-UV CD spectra indicated that
the refolded protein regained a secondary structure com-
parable to the native state (Figure 6B). Similarly, tryptophan
fluorescence showed a blue shift in λmax from 347 (unfolded)
to 335 nm, approaching the native state. However, the broader
emission spectrum suggested that the refolded protein adapted
a compact, native-like conformation rather than a fully native
structure (Figure 6C). Functionally, the refolded protein
exhibited a complete loss of ATPase activity (Figure 6D).

Figure 6. Refolding of chemically denatured Mpa: (A) Mass distributions, represented as a probability density, of native (purple) and refolded
(black) Mpa measured by single-particle mass photometry. (B) Normalized far-UV CD spectra comparing native and refolded Mpa, indicating the
gain of secondary structure upon refolding. (C) Normalized tryptophan fluorescence spectra (excitation at 295 nm) comparing native and refolded
Mpa, indicating the gain of partial tertiary structure upon refolding. (D) ATPase activity of native and refolded Mpa, showing a loss of enzymatic
activity upon refolding. Data are presented as mean ± SD (n = 3). Individual data points are shown in white circles.
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Consistent with this, thermal unfolding was irreversible:
heating to either 50 or 90 °C resulted in permanent loss of
enzymatic activity with no recovery upon cooling (Figure S11).

■ DISCUSSION
Mpa is an AAA+ enzyme that complexes with 20S CP in M.
tuberculosis and catalyzes substrate protein unfolding and
translocation prior to its degradation.37−39 In this study, we
investigated the stability, activity, and mechanisms of
deoligomerization and reoligomerization of this homohexa-
meric enzyme using chemical and thermal perturbants. Mpa
assembles into stable hexamers even at submicromolar
concentrations, indicative of a strong intrinsic self-association
affinity. ATPase activity measurements and mass photometry
confirmed that, in the presence and absence of ATP,
respectively, Mpa remains in a hexameric form even at tens
of nanomolar concentrations. Although structural studies
suggest that individual monomers are primarily stabilized by
electrostatic interactions,23 the hexamer persists even at very
high salt concentrations and 1,6-hexanediol, indicating the role
of both electrostatic and nonelectrostatic interactions in
maintaining its stability.
During chemical denaturation, far-UV CD and tryptophan

fluorescence analyses revealed gradual changes in ellipticity
and emission maxima, respectively, with increasing urea
concentrations. This gradual increase suggests either a
multistep denaturation process involving other oligomeric
states as the protein transitions from the hexamer to the

unfolded state or a gradual conversion of hexamers to unfolded
monomers, noncooperatively. Native PAGE analyses showed
that Mpa dissociates directly from the hexameric to
monomeric species without detectable intermediates as the
urea concentration increases. Single-particle mass photometry
resolved this discrepancy, showing that the transition is
concerted, where the hexamer directly deoligomerizes to
monomeric species even at low urea concentrations, with the
monomer population progressively increasing as urea concen-
tration rises. Recently, a similar result was observed using mass
photometry on ADH and GLDH homo-oligomers that
transition directly to the monomeric species without
significantly populating other oligomeric states upon chemical
denaturation.29 Thus, the continuous changes observed during
CD and fluorescence measurements in our studies reflect a
shifting equilibrium between hexamers and monomers rather
than the accumulation of intermediate oligomeric states.
Furthermore, the red shift in tryptophan fluorescence and
the reduction in ellipticity at 222 nm upon increasing the
denaturant concentration indicate that the monomeric species
populated is unfolded. These findings suggest that Mpa
undergoes a transition from the hexameric state to an unfolded
monomer. These transitions are noncooperative, where the
deoligomerization between the subunits is not strongly
coupled, and each subunit deoligomerizes independently,
hence the gradual change in the spectroscopic signatures.
The refolding of chemically perturbed Mpa is not completely
reversible. Upon refolding, Mpa regains its secondary structure
and a globular conformation; however, the extent of

Figure 7. Proposed model for Mpa deoligomerization by chemical (A) and thermal (B) perturbation: (A) Chemical perturbation: Upon urea
treatment, Mpa6 deoligomerizes in a concerted but noncooperative manner, directly converting into a soluble, unfolded monomer gradually
without any detectable intermediate. Upon refolding, it predominantly forms enzymatically inactive hexamers, and a minor population exists as
monomers. The blue gradient indicates an increase in the urea concentration. (B) Thermal perturbation: Upon thermal stress, Mpa6 deoligomerizes
in both a concerted and cooperative manner. It initially unfolds and spontaneously forms nonamyloid-like aggregates; further heating results in a
soluble, unfolded structure. Thermal unfolding of Mpa6 is irreversible. The red gradient indicates an increase in the temperature.
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hexamerization in the refolded sample is significantly reduced
compared with the native protein, and the refolded enzyme is
catalytically inactive. This is in contrast to some of the other
AAA+ enzymes such as p97 that regain both oligomeric state
and catalytic activity upon refolding.16 Hence, Mpa undergoes
a concerted but noncooperative deoligomerization upon
perturbation by urea, and the reoligomerization results in an
inactive assembly (Figure 7A).
The thermal denaturation of Mpa hexamers follows a path

slightly different from the chemical denaturation. The
deoligomerization is both concerted and cooperative. The
hexamers are unstable at temperatures as low as 40 °C and lose
their catalytic activity beyond this temperature. Nano-DSF,
DSC, and turbidity measurements consistently reveal two
distinct transitions at ∼40 °C and ∼70 °C. The first transition
corresponds to unfolding of the Mpa as evident from the
decrease in the ellipticity at 222 nm of the far-UV CD
spectrum and a red-shifted tryptophan fluorescence maximum.
Incidentally, the turbidity measurements show a sudden
increase in the optical density at this temperature, indicating
the further aggregation of the protein. These results taken
together implicate that initially unfolding occurs, which is an
endothermic event, followed by spontaneous aggregation,
which is an exothermic event. Overall, a minor positive peak
during DSC implies that the heat changes during the unfolding
substantially negate the heat changes during aggregation,
resulting in a low magnitude endothermic transition at this
temperature. Overall, it can be concluded that at 40 °C, the
Mpa undergoes unfolding followed by spontaneous aggrega-
tion. Interestingly, this temperature overlaps with the loss of
ATPase activity, concluding that ATP does not increase the
thermal stability, as both the apo form (from the turbidity
assay) and nucleotide-bound form (from the ATPase assay)
show transitions at the same temperature. Second transition: a
higher magnitude endothermic event in DSC, a negative peak
in nano-DSF, and a decrease in turbidity were observed at ∼70
°C. These results implicate that at this higher temperature, the
disaggregation of the aggregates occurs, plausibly into majorly
unfolded monomers. Overall, upon thermal perturbation, Mpa
unfolds and spontaneously aggregates. Further heating results
in the disaggregation and unfolding of Mpa. In addition, a
fraction of the aggregates precipitates out as the temperature
increases. The thermal denaturation is completely irreversible
with respect to oligomerization, unlike chemical denaturation,
which showed partial hexamerization (Figure 7B). Based on
both chemical and thermal deoligomerization analyses, it can
be concluded that Mpa forms obligate oligomers that unfold
upon perturbation40,41 These unfolded monomers tend to
aggregate, which can be seen during the thermal denaturation.
During the chemical denaturation, the aggregation of these
unfolded monomers was observed at lower urea concentration,
but it is plausibly prevented at higher urea concentrations,
which is known to act as a stabilizing agent against
aggregation.42

■ CONCLUSIONS
Our studies on the effects of chemical and thermal perturbants
on the oligomeric assembly of Mpa demonstrate that its
disassembly proceeds through a concerted rather than stepwise
mechanism. Notably, the exact pathways differ depending on
the perturbant: chemical denaturation drives a concerted but
noncooperative process, whereas thermal perturbation induces
a concerted and cooperative transition. The unfolded proteins

fail to refold reversibly, instead leading to inactive complexes.
While many homo-oligomeric proteins are known to dissociate
through stepwise mechanisms, our findings provide an example
of a homooligomer undergoing a concerted disassembly. These
observations raise intriguing questions about the evolutionary
and structural factors that dictate the choice between
concerted and stepwise oligomerization/deoligomerization
pathways. Future investigations combining mutational studies,
single-particle mass photometry, with complementary ensem-
ble biophysical approaches on other AAA+ systems could help
identify the molecular interactions that govern concerted or
stepwise deoligomerization pathways of these enzymes.
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