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ABSTRACT

Protein quality control systems are essential to maintain a healthy proteome. They often consist of an
unfoldase unit, typically an AAA+ ATPase, coupled with a protease unit. In all kingdoms of life, they func-
tion to eliminate misfolded proteins, and thus prevent that their aggregates do harm to the cell, and to
rapidly regulate protein levels in the presence of environmental changes. Despite the huge progress made
in the past two decades in understanding the mechanism of function of protein degradation systems, the
fate of the substrate during the unfolding and proteolytic processes remains poorly understood. Here we
exploit an NMR-based approach to monitor GFP processing by the archaeal PAN unfoldase and the PAN-
20S degradation system in real time. We find that PAN-dependent unfolding of GFP does not involve the
release of partially-folded GFP molecules resulting from futile unfolding attempts. In contrast, once stably
engaged with PAN, GFP molecules are efficiently transferred to the proteolytic chamber of the 20S sub-
unit, despite the only weak affinity of PAN for the 20S subunit in the absence of substrate. This is essential
to guarantee that unfolded but not proteolyzed proteins are not released into solution, where they would
form toxic aggregates. The results of our studies are in good agreement with previous results derived
from real-time small-angle-neutron-scattering experiments and have the advantage of allowing the
investigation of substrates and products at amino-acid resolution.

© 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

For a “healthy-life”, cells need to strictly monitor the folding sta-
tus and the activity of their protein components, which can either
unfold/misfold during synthesis or be denatured by stress events,
such as heat, oxidation and environmental changes. Inactive or
unfolded proteins interfere with cellular functions and need to be
cleared by either refolding or degradation. Both chaperones and pro-
teases are part of the protein quality control system, with the first
class of enzymes assisting protein folding and the second degrading
misfolded protein chains. AAA+ (ATPases associated with diverse
cellular activities) unfoldases constitute a class of proteins that asso-
ciate with either chaperones or proteases to either refold or degrade
misfolded proteins and prevent the accumulation of toxic aggre-
gates [1-3]. AAA+ unfoldases exist in all three kingdoms of life. In
eukaryotes and archaea, the proteolytic complex formed by an
AAA+ unfoldase and a protease is called the proteasome [4], while
in bacteria unfoldases and proteases of the Clp family associate to
form similar proteolytic machineries [5]. In addition to their
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function as a cellular “garbage disposal system”, the proteolytic
complexes have a pivotal role in the regulation of protein activity.
In living and proliferating cells, protein activity-levels are controlled
both spatially and temporally. Next to regulation of gene expression,
one way of adjusting protein levels rapidly in response to changing
environmental conditions consists of the degradation of superfluous
protein copies by the proteolytic enzymes [6].

The proteolytic machinery consists of a compartmentalized
complex comprising an hexameric AAA+ unfoldase and an hep-
tameric protease. The 26S eukaryotic proteasome, for example,
comprises a 19S AAA+ ATPase regulatory particle (RP) and a 20S
proteolytic core particle (CP) [5]. Accessory proteins are associated
with the RP in eukaryotes but not in archaea. The last two decades
have seen enormous progress in our understanding of the func-
tional mechanism of proteasomal complexes. Several cryo-
electron-microscopy (EM) structures of proteolytic machinery
[3,7-14] with and without substrate have converged on a possible
mechanism for unfolding and translocation to the protease cham-
ber: in this “hand-over-hand” mechanism, the substrate is passed
from one unfoldase subunit to the other, while the unfoldase
hexameric ring uses energy from ATP hydrolysis to cycle clockwise
through a spiral staircase arrangement (sequential model). The
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structures have also revealed a correlation between the nucleotide
bound state of the AAA+ unfoldase subunit and its engagement
with the substrate. Single-molecule experiments of the bacterial
proteolytic machinery ClpXP have linked the number of hydrolysed
ATP molecules with the length of the translocated peptide
sequence and have challenged the sequential model by demon-
strating that translocation occurs in bursts (stochastic model)
rather than sequentially [15-18]. Despite so many insights into
the functional mechanism of the proteolytic machinery, detailed
quantitative information on the fate of the substrate during the
process remains scarce. An NMR study of the unfolding of calmod-
ulin by the VAT AAA+ unfoldase from Thermoplasma acidophilum,
which used covalent tethering of the substrate to the enzyme at
multiple stages during the unfolding reaction, demonstrated that
the N-terminal lobe of calmodulin unfolds cooperatively when
pulled from the N-terminus, while the C-terminal lobe unfolds
stepwise [19]. In another study [20,21], small-angle neutron scat-
tering (SANS) in combination with contrast-matching was used
to study the unfolding and degradation of GFP (green fluorescent
protein) by the archaeal PAN AAA+ ATPase in complex with the
20S archaeal CP. The authors found that the GFP degradation pro-
cess is biexponential and that the rates of degradation correlate
strongly with ATP hydrolysis [20]. Furthermore, in these ensemble
studies the average fraction of partially unfolded GFP tethered to
the proteolytic machinery was found to be always less than
0.05-0.1, even if the enzyme:substrate stoichiometric ratio at the
beginning of the reaction was ~0.3. This is compatible with the
notion that not all encounter events between substrate and
enzyme result in active translocation.

Here, we use methyl-TROSY nuclear magnetic resonance (NMR)
spectroscopy to monitor the unfolding process of GFP in solution in
the presence of either PAN or the PAN-20S proteasome complex
from the thermophilic archaeon Methanocaldococcus jannaschii
(Mj) under turn-over conditions. Our goal is to measure residue-
dependent unfolding and degradation time constants to determine
whether GFP processing involves the formation and release of par-
tially unfolded intermediates. Furthermore, we aim to obtain
detailed structural information on the products of the unfolding
reaction. Using an enzyme from a thermophilic archaeon gives us
the ability to slow down the reaction at intermediate tempera-
tures, which, in combination with SOFAST-HMQC experiments
[22] allows the reaction to be followed over several turn-over
cycles. We find that the unfoldase machinery is tightly coupled
to the proteasome and no long-lived unfolded intermediate is
released into solution during the substrate processing reaction.

2. Material and Methods
2.1. Cloning

A restriction-free cloning approach was used to generate all
expression constructs [23]. Cloning results were verified by DNA
sequencing.

The green fluorescent protein (GFP) used in this study is a
folding-reporter GFP variant [24]|. We obtained a synthetic gene
(GeneCust Europe) coding for monomeric GFPuv mutant A206K
[25] with a C-terminal ssrA tag (AANDENYALAA), necessary for tar-
geting to PAN. The gene was cloned into the pETM11 expression vec-
tor (EMBL collection) with an N-terminal Hisg tag followed by a TEV
(tobacco etch virus) protease cleavage-site. Two additional muta-
tions F64L and S65T were introduced to achieve a GFP variant with
improved expression yields and enhanced stability. The mutations
were introduced using the QuikChange kit (Agilent Technology).

The codon-optimized gene of Methanocaldoccus jannaschii PAN
was obtained from GeneCust Europe and was cloned into the
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PET30a expression-vector carrying a C-terminal Hisg tag. This con-
struct of PAN (PAN-Hisg) is not compatible with binding to the 20S
CP, which requires an accessible C-terminal HbYX-motif. Thus, to
reconstitute the proteolytic complex, we cloned the PAN gene into
the pETM22 expression-vector (EMBL collection), coding for an N-
terminal thioredoxin solubility tag (Trx), a Hisg purification tag and
a 3C-protease cleavage site (Trx-PAN).

The Methanocaldoccus jannaschii 20S CP consists of o~ and B-
subunits. Their codon-optimized synthetic genes were obtained
from GeneCust Europe and cloned into pET28a and pET30a expres-
sion vectors, respectively. The a-subunit carried an N-terminal
Hisg-tag, while the B-subunit, including the 6-residue N-terminal
pro-peptide, was untagged.

2.2. Protein expression

All proteins were expressed in E. coli BL21 (DE3) cells grown in
media containing 50 pg/ml kanamycin (Carl Roth). For GFP-ssrA,
freshly transformed E. coli BL21 (DE3) cells were grown overnight
in lysogeny broth (LB) at 37 °C. The next day, the overnight culture
was diluted 1:100 in LB medium and cells were grown at 37 °C to
an ODggp of 0.8. Cells were then cooled to 20 °C and expression of
GFP-ssrA was induced by addition of 0.1 mM isopropyl-B-D-thio-
galactoside (IPTG, Carl Roth). The cell culture was kept at 20 °C
for 8 h, after which cells were harvested by centrifugation (5000
g at 4 °C for 20 min), washed with ice-cold phosphate-buffered sal-
ine (PBS) and stored at —-80 °C until further use. Production of iso-
topically enriched GFP-ssrA was carried out in M9 minimal
medium. Uniformly '>C, '>N-labelled proteins (GFP-ssrA) were
expressed in M9 minimal medium containing 1 g/l '>NH,CI and 4
g/l 3Cg-D-glucose (Eurisotop and Sigma Aldrich). For protein
purification, cells were resuspended in lysis buffer (50 mM Tris-
HCI pH 7.5, 100 mM NaCl, 10 mM imidazole, 5 mM -
mercaptoethanol) supplemented with DNAse I (Roche), complete
EDTA-free protease inhibitors (Roche), lysozyme (Carl Roth) and
20 mM MgS0, and incubated for 20 min. After sonication, the cell
debris was removed by centrifugation (19000 g, 4 °C, 1 h) and the
cleared lysate was loaded onto a 5 ml HisTrap HP IMAC column
(Cytiva). The column was washed with 20 column volumes (CV)
of lysis buffer to remove unbound species and the Hisg-protein
was eluted with 500 mM imidazole in lysis buffer. The N-
terminal Hisg-tag was cleaved overnight with TEV-protease during
dialysis against lysis buffer to remove the imidazole. The solution
was then applied to the HisTrap HP IMAC column to separate the
tag, uncleaved Hisg-protein and the Hisg-tagged TEV-protease from
the cleaved GFP-ssrA, which was contained in the flow-through.
The solution containing GFP-ssrA was concentrated with a 10-
kDa MWCO Amicon centrifugal filter unit (Millipore) and further
purified by size-exclusion chromatography using a HilLoad
16/600 Superdex S75 pg column (Cytiva) in storage buffer
(20 mM Tris-HCI pH 7.5, 100 mM NacCl). The purified protein was
concentrated, aliquoted and stored at -80 °C until further use.
The integrity of GFP-ssrA after purification was confirmed by ESI
mass spectrometry.

For PAN, freshly transformed E. coli BL21 (DE3) cells were
grown overnight in LB at 37 °C. The next day, the overnight culture
was diluted 1:100 in LB medium and cells were grown at 37 °C to
an ODggg of 0.75. Cells were then cooled to 20 °C and expression of
PAN was induced by the addition of IPTG (1 mM for PAN-Hise,
0.1 mM for Trx-PAN). Cells were incubated at 20 °C for a further
18 h, harvested by centrifugation (5000 g at 4 °C, 20 min), washed
with PBS and stored at -80 °C until further use. Cells producing
Trx-PAN were resuspended in lysis-buffer A (20 mM Tris-HCl pH
7.5, 500 mM NacCl, 10 mM MgCl,, 10 mM imidazole and 5 mM B-
mercaptoethanol) supplemented with DNAse I (Roche), RNAse
(Roche), complete EDTA-free protease inhibitor cocktail (Roche)
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and lysozyme. After enzymatic lysis for 20 min followed by sonica-
tion, the cell debris was removed by centrifugation (19000 g, 4 °C,
1 h) and the cleared lysate was loaded onto a 5 ml HisTrap HP
IMAC column (Cytiva). The column was washed with 20 column
volumes (CV) of lysis buffer A to remove unbound species and
Trx-PAN was eluted with a gradient of 50-500 mM imidazole in
10 CVs. Peak-fractions were exchanged into lysis buffer A using a
HiPrep 26/10 desalting column and the Trx-Hisg-tag was cleaved
overnight with 3C protease. The solution was then applied to the
HisTrap HP IMAC column to separate the Hisg-Trx tag, non-
cleaved Trx-PAN and Hisg-tagged 3C protease from the cleaved
PAN, which was contained in the flow-through. Cleaved PAN was
buffer-exchanged to the storage buffer A (20 mM Tris-HCl pH
7.5, 100 mM NacCl, 10 mM MgCl,) and further purified by anion
exchange chromatography on a 5 ml HiTrap Q HP column. Finally,
PAN was purified on a HiLoad 16/600 Superdex 200 pg size exclu-
sion chromatography (SEC) column in storage buffer A, concen-
trated using a 100-kDa MWCO Amicon centrifugal filter
(Millipore) and stored at -80 °C.

Cells producing PAN-Hisg were lysed in storage buffer A supple-
mented with 5 mM imidazole, DNAse I (Roche), RNAse (Roche),
lysozyme, complete EDTA-free protease inhibitor cocktail (Roche),
1 mg/ml AEBSF protease inhibitor and 0.1 % (v/v) Triton X-100
(Sigma Aldrich), lysed and centrifuged as for the Trx-PAN construct
and the cleared lysate was loaded onto a 5 ml HisTrap HP IMAC
column (Cytiva). The column was washed with 10 CVs of storage
buffer A containing 25 mM imidazole and 10 CVs of the same buf-
fer containing 50 mM imidazole. PAN-Hisg was eluted with
500 mM imidazole. PAN-Hisg was buffer-exchanged into storage
buffer A and the purification proceeded as for cleaved PAN from
the Trx-PAN construct.

Individual subunits of the Methanocaldoccus jannaschii 20S CP
were expressed separately. Freshly transformed E. coli BL21 (DE3)
cells harbouring either the pET28a-20S-a-subunit or the pET30a-
20S-B-subunit plasmids were grown overnight in LB at 37 °C. The
next day, the overnight culture was diluted 1:100 in LB medium
and cells were grown at 37 °C to an ODgqg of 0.8. Cells were then
cooled to room temperature and expression of PAN was induced
by the addition of 1 mM IPTG. Cells were incubated at 20 °C for a
further 18 h, harvested by centrifugation (5000 g at 4 °C,
20 min), washed with PBS and stored at —-80 °C until further use.
Cells expressing the a-subunits were resuspended in lysis buffer
B (20 mM Tris-HCI pH 7.5, 100 mM Nacl, 10 mM MgCl,, 5 mM imi-
dazole), supplemented with complete EDTA-free protease inhibitor
cocktail (Roche), DNAse I (Roche), lysozyme (Carl Roth, Germany),
incubated at room temperature for 15 min and lysed by sonication.
The cell debris was removed by centrifugation at 19,000 g and 4 °C
for 1 h. The cleared lysate was loaded onto a HisTrap HP 5 ml col-
umn (Cytiva) pre-equilibrated in lysis buffer B. The column was
washed with 10 column volumes (CV) of lysis buffer B to remove
unbound species and 20S-a-subunits were eluted with 500 mM
imidazole in lysis buffer B and then buffer-exchanged into storage
buffer A (20 mM Tris-HCI pH 7.5, 100 mM NacCl, 10 mM MgCl,)
with a HiPrep 26/10 desalting column (Cytiva). The solution was
then applied to a HiTrap Q HP 5 ml column (Cytiva) and the o-
subunit was eluted with a gradient of 100-500 mM Nacl in 10
CVs. The fractions containing the o-subunit were concentrated
(Amicon 15, 10-kDa MWCO, Millipore) and further purified by
size-exclusion chromatography with a HiLoad 16/600 Superdex
200 pg column in storage buffer A. The fractions corresponding
to single heptameric a-rings were collected and kept at 4 °C until
further use.

Cells expressing the B-subunit were resuspended in storage buf-
fer A, supplemented with protease inhibitors, DNAse and lyso-
zyme, incubated at room temperature for 15 min and lysed with
a high-pressure homogenizer (Avestin Emulsiflex C5, 15,000 psi).
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The lysate was cleared by centrifugation (19000 g at 4 °C for 1 h)
and loaded onto a 5 ml HiTrap SP HP cation exchange column
(GE Healthcare) preequilibrated in storage buffer A. The column
was washed with 10 CV of storage buffer A and the B-subunit
was eluted with a 20 CV gradient of 100-1000 mM NaCl. The
fractions containing the B-subunit were concentrated (Amicon-
15, 10-kDa MWCO, Millipore) and further purified by size-
exclusion chromatography with a HiLoad 16/600 Superdex 75 pg
column in storage buffer A.

The 20S CP was assembled from the individual subunit follow-
ing an established protocol [26]. Briefly, purified but not concen-
trated fractions from the size-exclusion purification containing
B-subunit were mixed with a-rings and gently shaken at 37 °C
for 6 h (volume ~ 30 ml). 0.02 % NaN5 (Sigma Aldrich) was added
to prevent microbial growth. Next, the solution was concentrated
to 2 ml (Amicon-15, 100-kDa MWCO, Millipore) at ambient tem-
perature and further incubated at 37 °C for 16 h. Finally, the assem-
bled 20S CP was purified by size-exclusion chromatography using a
HiLoad 16/600 Superdex 200 pg column in storage buffer A. Frac-
tions containing the o;B,f,07 particle were collected, concentrated
and stored at —80 °C until further use. Pro-peptide auto-catalysis of
the B-subunits was confirmed by ESI-mass spectrometry.

2.3. NMR experiments

NMR spectra were recorded on Bruker Avance Il HD 600-MHz
(resonance assignment experiments) and 850-MHz (resonance
assignments and time-course experiments) spectrometers running
TopSpin 3.2 software and equipped with N,-cooled and He-cooled
inverse HCN triple-resonance cryogenic probes, respectively. Spec-
tra were processed with TopSpin 3.2 (time-course experiments) or
NMRPipe [27] (all other experiments) and analysed in CcpNmr
Analysis v2.4 [28].

2.4. GFP resonance assignments

Backbone resonance assignments of folding-reporter GFP-ssrA
were obtained from 2D '>N-HSQC, 3D HNCO, 3D HN(CO)CACB
and 3D HNCACB spectra measured at 42 °C on U-[!°N, '3C] labelled
protein at 600 uM concentration in storage buffer (20 mM Tris-HCl
pH 7.5, 100 mM Nacl, 10 mM MgCl,, 10 % D20). A set of side-chain
assignment experiments consisting of 2D constant-time >C-HSQC
[29,30], 3D HCCH-TOCSY [31] and 3D H(CCCO)NH [32] spectra
were recorded on the same sample for assignment of methyl
groups. Met-¢ assignments were obtained from a 3D '3C-HMQC-
NOESY-'3C-HMQC spectrum, comparing the experimental
inter-methyl NOE peaks with those predicted from the GFP crystal
structure (PDB entry 2B3Q). Assignments were transferred to 55 °C
and 60 °C with the aid of a series of constant-time '*C-HSQC spec-
tra acquired at different temperatures.

2.5. Time-dependent NMR experiments to monitor unfolding and
proteolysis

Time-dependent spectra were recorded during either the
unfolding or the proteolytic reaction using 180 pl GFP-ssrA solu-
tion in standard 3-mm NMR tubes. Prior to the experiments, all
buffer and protein solutions were carefully degassed to avoid for-
mation of bubbles at the elevated temperature of the assays. All
samples were in a 90%:10% H,0:D,0 buffer containing 20 mM
Tris-HCI pH 7.5, 100 mM NacCl, 100 mM ATP and 100 mM MgCl,.
RF pulses were calibrated on a sample of pure buffer. For the
unfolding or proteolytic reactions, 100 pM of U-["’N, '3C] GFP-
ssrA was mixed with either 5 uM unlabelled PAN or 5 pM PAN
and 5 pM 208, respectively. 100 mM ATP was added immediately
before transfer to the NMR tube. The reaction was initiated by



G. Kriiger, ]. Kirkpatrick, E. Mahieu et al.

transferring the tube to the spectrometer probe, which had been
pre-heated to either 55 °C or 60 °C. A series of SOFAST-'3C-
HMQC [33] spectra was started after the temperature inside the
sample had stabilized (as judged from the 2H lock signal). The total
dead-time was 2.5-3 min. SOFAST-HMQC parameters optimized
for the 100 uM '°N,'3C-GFP-ssrA sample included the 120° flip-
angle for the excitation pulse, the recycle delay (150 ms) and the
acquisition time in the directly detected dimension (50 ms). Each
spectrum was recorded with 2 scans for a total of 100 s. After
recording 18 2D SOFAST-HMQC spectra, we recorded a 1D 'H pro-
ton spectrum to monitor the degree of ATP hydrolysis and verify
the quality of the shimming. A full time-series consisted of six
blocks of 18 spectra. Each condition was repeated three and two
times at 60 and 55 °C, respectively.

2.6. Fluorescence measurements of GFP-ssrA unfolding and
degradation

Unfolding and degradation of GFP-ssrA by PAN and PAN-20S, in
buffer containing 20 mM Tris-HCI, pH 7.5, 100 mM NacCl, 100 mM
MgCl, (Sigma Aldrich) and 100 mM ATP (Carl Roth), was monitored
in a StepOne RT-PCR system (Thermo Scientific) through the loss of
the intrinsic GFP fluorescence. 100 pM GFP-ssrA was incubated
either with 5 pM PAN alone or with 5 pM PAN and 5 puM 20S in
a final volume of 25 pl and fluorescence was measured at 60 °C
in 10 s intervals. All runs were repeated in triplicate. ROX-dye fil-
ters were used to prevent detector saturation.

3. Theory and calculations

Pseudo-3D spectra from the time-series were analysed in
CcpNmr Analysis. Peaks were automatically picked in all pseudo-
3D planes. Peak intensities were obtained as peak-heights for
which the spectral noise was taken as the experimental error.
Intensity changes for all peaks from either three or two replicates
(for the data at either 60 or 55 °C, respectively) were fitted to three
different decay models using non-linear curve-fitting in OriginPro
9.1 (Origin Lab):

1:A.e(@)+lo (1)

It)y=A-e (

)+B~t+lo 2)

I(t) = Ay o) +A, o) +1o (3)

For each sampled peak, the triplicate measurements were used
to assess statistical significance. The F-test was used to quantify
the improvement of the fit with the increasing complexity of the
fit-functions for each peak through all repetitions using the for-
mula:

((SSnun1 + SSnunz + SSpunz) — (SSaie.1 + SSaie2 + SSaie3) )/ (SSaier + SSate,2 + SSaie3)
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number of parameters (the alternative hypothesis, i.e. either
ExpDec1 or ExpDec2); DFqyn,1/2/3 and DF,ye1/2/3 are the correspond-
ing numbers of degrees-of-freedom (number of data-points less
the number of fit-parameters). A (right-tailed) F probability distri-
bution was calculated in Excel using the combined average F-ratio
Fave and the normalized number of degrees-of-freedom, i.e. the
sum of degrees-of-freedom across all repetitions, divided by the
number of repetitions. If the p-value was < 0.05, the model with
the higher number of parameters was deemed to provide a signif-
icantly better fit of the experimental data. The parameters of the
selected model for each peak were extracted as averages of the
parameters of the repetitions.

4. Results

In eukaryotes, ubiquitinylation marks the proteins condemned
to degradation, with ubiquitin being recognised and processed by
the accessory proteins associated with the AAA+ unfoldase. In bac-
teria, a disordered protein N- or C-terminal tail of at least 10 amino
acids is sufficient to guide proteins to proteolytic machinery. How
substrates are recruited to the proteolytic machinery in archaea is
still an open question. One hypothesis is that the small archaeal
ubiquitin-like modifier protein (SAMP) has a similar role to ubiqui-
tin in eukaryotes [34]. However, flexible and unstructured tails, of
the kind used by bacteria, also function to target proteins to
archaeal proteasomes in vitro [35] and may be relevant in vivo as
well. In this work, to target the protein GFP to Mj PAN or PAN-20S
proteasome complex, we added the bacterial ssrA tag (AANDENYA-
LAA) to the C-terminus of GFP (GFP-ssrA) and used the resulting
hybrid protein as a substrate of PAN.

4.1. GFP-sstA unfolding by PAN monitored by methyl-group NMR

To follow the fate of the substrate protein during either the
unfolding or the proteolytic reaction, we established an NMR-
detected assay that monitored ~100 methyl groups of GFP-ssrA
during its processing by either Mj PAN or the Mj PAN-20S protea-
some complex. In comparison to other methodologies used to mea-
sure unfolding kinetics, such as fluorescence spectroscopy [36,37],
single-molecule force spectroscopy with optical tweezers
[15,16,18], or contrast-matched time-resolved small-angle-
neutron scattering (tr-SANS) [20,21], NMR offers the advantage
of providing residue-specific information.

First, we prepared uniformly '°N,!3C-labelled GFP-ssrA (in the
variant described in Materials and Methods) and assigned the 'H
and '3C resonances for 119 out of the 133 GFP methyl-groups.
Then, we prepared a sample containing 100 uM of >N,13C-
labelled GFP-ssrA and 5 puM of unlabelled PAN in a buffer consist-
ing of 20 mM Tris-HCI pH 7.5, 100 mM NaCl and 100 mM MgCl, in
90%:10% H,0:D,0. After initiating the unfolding reaction with the
addition of 100 mM ATP and subsequent rapid transfer of the NMR

Fope =
& " ((DF i1 + DFauiz + DFui3) — (DFaie1 + DFaie2 + DFqi3))/ (DFaie1 + DFaie2 + DFre3)

where SSqun1/23 are the fit-errors (sum-of-squares) of the model
with a lower number of parameters (corresponding to the null-
hypothesis, i.e. either ExpLin or ExpDec1) for the three repetitions
1, 2 and 3; SSai1/23 are the fit-errors of the model with a higher

(4)

tube to the spectrometer probe (preheated at 60 °C), we recorded a
series of 2D 'H,'3C-SOFAST-HMQC spectra [22]. The dead-time
between the addition of ATP and the start of the data acquisition
was 2.5-3 min. Each individual 2D spectrum was collected
in ~100 s (Fig. 1A). We used 100 mM ATP to ensure the presence
of ATP throughout the entire time-course and 100 mM MgCl, as
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high concentrations of magnesium were shown to boost the activ-
ity of AAA+ unfoldases [38,39]. These experiments can detect non-
complexed GFP in solution and thus report on both the rate of
unfolding and the presence of unfolding intermediates potentially
released by PAN during the process.

A
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We quantified the individual peak intensities I in each 2D
TH,'3C-SOFAST-HMQC spectrum and plotted them against the time
t between the start of the acquisition of the first 2D spectrum and
the start of the acquisition of each individual 2D spectrum. To
obtain reliable time-constants for peak-specific intensity decays,
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Fig. 2. Decay of GFP-ssrA fluorescence in the presence of either PAN or PAN-20S. A) Fluorescence decays of GFP-ssrA (100 uM) at 60 °C in the presence of 100 mM ATP and
100 mM MgCl, (green) and upon addition of either PAN (5 uM, light blue) or PAN-20S (5 pM, black). Fluorescence is a good indicator of GFP unfolding, as optical tweezers
experiments have demonstrated that fluorescence is lost in the earliest events of the unfolding process [44]. The fluorescence values are scaled to 100 at the beginning of each
reaction. The decays can be fitted by a biexponential function with shorter time-constants of 341 + 12 s in the presence of PAN only (Tynfolding) and 243 + 44 s in the presence
of PAN-20S (Tproteolysis)- The control experiment without PAN or PAN-20S does not show any appreciable decay and demonstrates that the GFP variant used in this study
preserves its native fold for over 2 h at 60 °C. Fluorescence measurements were carried out in triplicate and the uncertainty corresponds to the standard error of the mean of
the three fitted time-constants. B) NMR tubes containing the same reactants as in A) after incubation at 60 °C for 3 h. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

we fitted I(t) to three different models and applied F-statistics to
choose the function that reproduces the experimental data with
the fewest parameters. The three models were: one exponential
decay (ExpDec1, 3 parameters); two exponential decays (ExpDec2,
5 parameters); and one exponential plus one linear decay (ExpLin,
4 parameters). In total, we could analyse 102 methyl group peaks.
For most peaks, I(t) could not be fitted by one exponential decay
but required the sum of either two exponential decays or an expo-
nential and a linear decay (Fig. 1B and C). This behavior was
observed before for the same unfolding reaction monitored by
contrast-matched time-resolved SANS [20] and was attributed to
the inhibitory effect of the increasing concentrations of ADP. Con-
trol experiments without PAN do not show any appreciable decay
of the GFP peak intensities over time, testifying that the fold of the
GFP variant used in this study is stable at 60 °C for the entire dura-
tion of the experiment. For 90% of all evaluated peaks, the shortest
time constant Tqecay Was within the range of one standard devia-
tion (SD) from the mean (Fig. 1C). The value of the mean Tgecay =
314 + 30 s is in good agreement with that obtained from
fluorescence-detected (Fig. 2) or SANS-detected experiments con-
ducted under similar conditions [20]. Besides 147-51 and L220-
61, which overlap with new peaks appearing in the random-coil
region of the spectrum (vide infra), another seven peaks decayed

either faster (114-51, L18-62, T65-y2, V68-y2, V120-y2) or slower
(I1136-61 and 1188-y2) than average. Because these methyl groups
are scattered over the entire GFP structure (Fig. 1D), their slightly
different decay time-constants cannot be indicative of the presence
in solution of sequentially, partially-unfolded intermediates
released by PAN and must be the result of experimental uncertain-
ties. Thus, we conclude that GFP is either cooperatively unfolded
by PAN or that any partially unfolded intermediates are either
not released from the PAN or, if released, refold rapidly to the
native conformation.

In the first few spectra of the time-course, we observed new
peaks at positions corresponding to the random-coil shifts of Ala,
Ile, Leu, Met and Val methyl groups (Fig. 1A), which then disap-
peared at later time-points. These peaks belong to unfolded GFP
released by PAN after translocation, which then aggregates and
precipitates out of solution as its concentration increases. The
appearance of a white precipitate in the NMR tubes containing
GFP-ssrA, PAN, ATP and MgCl, after incubation at 60 °C confirmed
this interpretation (Fig. 2B). The time-dependent intensity profile
of the one random-coil peak that was not overlapped with native
GFP peaks (5('H) = 0.92 ppm; §('3C) = 20.8 ppm, Fig. 1A) could
be fit to a single exponential with a time-constant Tprecipitation Of
179 + 10 s. Thus, we conclude that the unfolding process of GFP

<

Fig. 1. Processing of GFP-ssrA by PAN. A) SOFAST-'3C-HMQC spectrum of the GFP-ssrA methyl region with peak assignments. As we have no stereospecific assignment for
the LV methyl groups, the labels 61/62 and y1/y2 are used only to distinguish the two methyl groups of each residue. The spectrum shown is the first of a time-course to
monitor the unfolding of GFP-ssrA (100 uM) by PAN (5 uM) in the presence of ATP and MgCl, (100 mM each) at 60 °C. Asterisks indicate peaks appearing in the random-coil
regions of ILVM methyl groups. B) Selected regions of 'H,'>C-SOFAST-HMQC spectra at different time-points (in minutes) during the unfolding reaction. The red asterisk
indicates a peak attributed to unfolded GFP-ssrA. C) Decay curves of the peaks in B) showing peak intensities extracted from control runs (orange, w/o PAN) and unfolding
runs (black). Errors were estimated from the spectral noise. The fitted curve is shown in red; the shortest exponential time-constant Tgec,y is given as a mean of triplicate
measurements with uncertainty corresponding to the standard error of the mean. a.u., arbitrary units. D) Shortest exponential time-constants Tgecay for all analysed peaks.
Each peak is represented by a square, which is color-coded according to the function used to fit its decay. The average Tqecay Of all peaks is 314 + 30 s (range indicated by the
pink lines). The peaks with Tqec,y values smaller or larger than the average Tqecay by more than one standard deviation are indicated by blue and pink arrows, respectively. E)
Representation of ranges of Tqecay Values for all analysed methyl groups on the GFP-crystal structure (PDB entry 2B3Q). Methyl groups with Tqecay values close to, smaller or
larger than the average are indicated in green, blue and pink, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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by PAN, in the absence of the 20S proteasome, generates unfolded
and aggregation-prone GFP molecules, which, after reaching a crit-
ical concentration, fall out of solution almost twice as fast (Tprecip-
itation = 179 = 10 s) as the native GFP is unfolded (Tgecay =
314 £ 30 s).

Journal of Magnetic Resonance 350 (2023) 107431
4.2. GFP-ssrA degradation by the PAN-20S proteasome complex
We then measured time-resolved 2D SOFAST-'3C-HMQC spec-

tra of a sample containing 100 pM '°N,'3C-labelled GFP-ssrA and
5 puM PAN-20S proteasome complex (Fig. 3A). The buffer composi-
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tion and the experimental set-up were the same as described
above. In the presence of the 20S proteasome, the intensity decay
of the native GFP peaks was faster with a mean time constant Tgecay
of 227 + 42 s (Fig. 3B, C), in agreement with earlier reports demon-
strating that the coupling to the CP stimulates the activity of the
unfoldase [40]. Consequently, we could analyse only 69 peaks in
a quantitative manner. Most decay curves could be fit with a
single-exponential model, probably due to the very low signal-
to-noise at the later time-points, which masked the presence of a
second exponential decay with higher time constant. Nearly all
peaks decayed with a time constant within the mean * 1 SD, except
for 198-y2, L125-61 and V150-y2, which decayed slightly faster
(Fig. 3C, D).

In the presence of the 20S CP, the intensities of the peaks
appearing in the random-coil region grew with time until they
reached a plateau (Fig. 3A, F). We attribute these peaks to short,
unfolded peptides, which originate from protein digestion by
PAN-20S. These short protein fragments do not aggregate and do
not precipitate out of solution. In agreement, at the end of the reac-
tion, the NMR tube contained a clear solution, from which the flu-
orescence of the GFP had been lost but in which no precipitate was
formed (Fig. 2B). We could fit the time-dependence of the intensi-
ties of 23 such peaks and obtained an average Tproducts Of
355 + 155 s (Fig. 3F). The fact that this time-constant is of the same
order-of-magnitude as the time-constant of the decay of GFP peaks
(Tdecay = 227 + 42 s), suggests a tight coupling of the unfolding and
degradation processes in the proteolysis reaction.

Finally, datasets recorded at 55 °C gave similar results, albeit
with slower decay times (average Tgecay With PAN alone,
426 * 67 s; average Tqecay With PAN-20S CP, 419 + 78 s) (Fig. 4).
Interestingly, at this lower temperature, the 20S CP had lost its
capacity to stimulate PAN activity, as the time-constants measured
with and without the 20S CP were virtually identical.

5. Discussion

Our time-resolved NMR data demonstrate that in the absence of
the 20S CP, the PAN unfoldase processes GFP without releasing any
long-lived unfolding intermediates into solution. Optical tweezers
experiments have shown that bacterial ClpX unfolds GFP in three
steps, passing through two short-lived intermediates (<240 ms),
where B-strands 7-11 are unfolded first [15,18]. On the other hand,
cooperative unfolding of globular domains has been reported for
GB1 and for the N-terminal domain of calmodulin unfolded by
the archaeal AAA+ ATPase VAT [19]. Our experiments cannot dis-
criminate whether PAN unfolds GFP cooperatively or by passing
through short-lived intermediates, as our experimental approach
is unable to reveal short-lived GFP intermediates bound to PAN.
However, we can confidently exclude the presence of unbound,
long-lived (i.e. with a life-time much longer than the difference
in the chemical shifts of the folded and unfolded species) unfolding

<
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intermediates in concentrations equal or above our detection lim-
its (estimated to be ~ 10 uM). This is indicated both by the similar
time constants of decay of all GFP peaks and by the absence of any
peaks at frequencies close to but distinct from those of the native
GFP peaks. This result is consistent with that of SANS experiments,
showing that the fraction of partially unfolded GFP is always <5-
10% of the total substrate. However, it should be noted that the
SANS data report on the presence of both PAN-bound and unbound
unfolding intermediates, while the NMR experiments detect only
unbound species. Combining the NMR and SANS results, it is rea-
sonable to conclude that the concentration of long-lived unfolding
intermediates released by PAN before completing the translocation
process is vanishingly small. This is important in a cellular context,
where the release of partially denatured substrates could lead to
the formation of aggregates toxic to the cell and should thus be
avoided.

In contrast to literature data, which shows that at 30 °C denatured
GFP released from stalled ClpXP refolds at a rate comparable to that
of denaturation [41], we do not see any evidence of refolding of GFP
to its native state after translocation through PAN. In contrast, after
reaching a critical concentration, unfolded GFP aggregates and pre-
cipitates out of solution at a rate twice as fast as the unfolding rate.
This discrepancy may be due to the high temperature of our assay
(60 °C) at which GFP refolding may be slower than at 30 °C.

In the presence of the 20S proteasome, native GFP peaks decay
with a time-constant Tgecay Of 227 + 27 s, faster than in the pres-
ence of PAN alone (Tgecay = 314 % 30 s), demonstrating that degra-
dation occurs faster than unfolding and translocation. If
degradation were slower than translocation, PAN would not be
able to release the unfolded substrate molecule into the protea-
some chamber until the proteasome has finished processing the
previous molecule, which would lead to a slower, rather than fas-
ter, decay of native GFP. The faster native GFP decay rate suggests
that the presence of the 20S CP stimulates substrate turn-over by
PAN. Because the 20S CP has been shown to associate with PAN
only transiently [42], our data favor the hypothesis that substrate
binding assists the docking of the 20S CP with PAN and that this,
in turn, stimulates PAN activity.

Previous studies have demonstrated that bacterial AAA
+ ATPases engage the substrate in several futile unfolding
attempts, after which the destabilized substrate is released into
solution [43]. The number of unsuccessful attempts depends on
substrate stability. Our experiments show that if destabilized GFP
is released into solution after unsuccessful unfolding attempts, it
either rapidly returns to the native state, even at 60 °C, or is pre-
sent at very low concentrations (<10%).

Notably a temperature reduction of only 5 °C leads to ~25%
slower decay rates and to loss of 20S CP-dependent stimulation
of PAN activity. This finding suggests that PAN activity depends
on dynamic processes that become less efficient at lower temper-
ature and also loosen their coupling to proteasome docking. An

Fig. 3. PAN-20S degrades GFP-ssrA into small soluble peptides. A) Overlay of the last time-resolved SOFAST-'3C-HMQC spectra of GFP-ssrA at the end of a control reaction
(100 pM GFP-ssrA, 100 mM MgCl,, 100 mM ATP, grey), an unfolding reaction (100 uM GFP-ssrA, 5 uM PAN, 100 mM MgCl,, 100 mM ATP, blue) and a proteolysis reaction
(100 uM GFP-ssrA, 5 uM PAN-20S, 100 mM MgCl,, 100 mM ATP, dark red). The asterisks mark the peaks corresponding to Ile, Val and Thr random-coil methyl groups. B)
Selected regions of SOFAST-3C-HMQC spectra (dark red) at different time-points (in minutes) during the proteolysis reaction, overlaid with spectra of the control reaction
(without PAN-20S, grey). The asterisk marks a peak corresponding to a random-coil methyl group. C) Decay curves of peaks in B) from the control reaction (orange, without
PAN-20S) and from the proteolysis reaction (black). Errors were estimated from the spectral noise. The fitted curve is in red; the exponential time-constant Tgecay iS given as a
mean of triplicate measurements with uncertainty corresponding to the standard error of the mean. D) Exponential time-constants Tgecay for all analysed peaks. Each peak is
represented by a square, which is color-coded according to the function used to fit its decay. The average Tgecay Of all peaks is 227 + 42 s (range indicated by the pink lines).
Blue arrows indicate peaks whose Tqecay Values are smaller than the average by more than one SD. E) Representation of ranges of Tgecay Values for all analysed methyl groups
on the GFP-crystal structure (PDB entry 2B3Q). Methyl groups with Tgecay values close to or smaller than the average are shown in green and blue, respectively. F) Growth
curves of peaks attributed to unstructured proteolysis products with their exponential fits and shortest time-constants Tproducts- (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Unfolding and proteolysis time-constants at 55 °C. A) Shortest exponential time-constants, Tgecay, for all methyl-group peaks analysed over time-resolved
SOFAST-'3C-HMQC spectra of GFP-ssrA (100 uM) in the presence of PAN (5 uM), ATP (100 mM) and MgCl, (100 mM) at 55 °C. Each methyl-group peak is represented by a
square, which is color-coded according to the function used to fit its decay. The average Tqecay Of all peaks is 426 + 67 s; this range is indicated by the pink lines. The peaks
whose Tgecay are smaller or larger than the average Tyecay by more than one standard deviation are indicated by blue and pink arrows, respectively. B) Representation of ranges
of Tgecay Values of A) on the GFP crystal structure (PDB entry 2B3Q). Methyl groups with Tgecay time-constants close to, smaller or larger than the average are indicated in
green, blue and pink, respectively. C) Shorter exponential time-constants, Tgecay, for all methyl-group peaks analysed over time-resolved SOFAST-'>C-HMQC spectra of GFP-
ssrA (100 pM) in the presence of PAN-20S (5 uM), ATP (100 mM) and MgCl, (100 mM) at 55 °C. Each methyl-group peak is represented by a square, which is color-coded
according to the function used to fit its decay. The average Tgecay Of all peaks is 419 £ 78 s; this range is indicated by the pink lines. The peaks whose Tgecay are smaller than the
average Tgecay Dy more than one standard deviation are indicated by blue arrows. D) Representation of ranges of Tgecay values of C) on the GFP crystal structure (PDB entry
2B3Q). Methyl groups with Tgec,y time-constants close to or smaller than the average are indicated in green and blue, respectively. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

area of future research will focus on the identification and charac-
terization of these dynamics and on understanding how these pro-
cesses are optimized to work at high temperature in thermophilic
organisms.

6. Conclusions

We have exploited an NMR-detected assay to monitor PAN-
dependent unfolding of GFP with atomic resolution. The timescale
of the NMR experiments provides a resolution of ~100 s. We demon-
strate that the process of GFP unfolding does not involve release of
measurable quantities of long-lived unfolding intermediates in solu-
tion, either in the presence or in the absence of the 20S proteasome.
We find that the presence of the 20S CP stimulates PAN activity at
60 °C, while thisregulationis lost at moderately lower temperatures.
We show that, even if previous literature has demonstrated that
archaeal PAN and 20S CP do not form a stable complex, the presence
of the substrate tethers the 20S CP to the PAN for a time long enough
to tightly couple the unfolding and degradation processes, thus
avoiding the formation of toxic aggregates that would result from
release of denatured protein after translocation.
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