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Abstract

AAA+ ATPases are ubiquitous hexameric unfoldases acting in cellular protein quality control. In complex
with proteases, they form protein degradation machinery (the proteasome) in both archaea and eukary-
otes. Here, we use solution-state NMR spectroscopy to determine the symmetry properties of the
archaeal PAN AAA+ unfoldase and gain insights into its functional mechanism. PAN consists of three
folded domains: the coiled-coil (CC), OB and ATPase domains. We find that full-length PAN assembles
into a hexamer with C2 symmetry, and that this symmetry extends over the CC, OB and ATPase domains.
The NMR data, collected in the absence of substrate, are incompatible with the spiral staircase structure
observed in electron-microscopy studies of archaeal PAN in the presence of substrate and in electron-
microscopy studies of eukaryotic unfoldases both in the presence and in the absence of substrate. Based
on the C2 symmetry revealed by NMR spectroscopy in solution, we propose that archaeal ATPases are
flexible enzymes, which can adopt distinct conformations in different conditions. This study reaffirms the
importance of studying dynamic systems in solution.
� 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://crea-

tivecommons.org/licenses/by-nc-nd/4.0/).
Introduction

AAA+ (ATPases associated with diverse cellular
activities) unfoldases are essential components of
protein quality control mechanisms in all three
domains of life1: together with chaperones, they dis-
semble and refold protein aggregates; together with
proteases they degrade misfolded or superfluous
proteins.2,1 In eukaryotes, archaea and some
r(s). Published by Elsevier Ltd.This is an open ac
bacteria, proteolytic machinery consists mostly of
AAA+ unfoldase and protease complexes called
proteasomes.4 The 26S eukaryotic proteasome,
for example, is composed of a 20S proteolytic core
particle (CP) and a 19S AAA+ ATPase regulatory
particle (RP),5 which consists of a hetero-
hexameric AAA+ unfoldase, comprising the
proteins Rpt1–6, and 13 accessory proteins.6

Eukaryotic protein degradation requires the
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ubiquitin-processing activity of the RP accessory
proteins, as ubiquitylation marks the proteins des-
tined for degradation. The architecture of the
archaeal proteasome is simpler7: the RP is an
homo-hexamer of the proteasome-activating
nucleotidase protein (PAN) and the 13 accessory
proteins are apparently missing. In archaea, the
question of how substrates are recruited to the pro-
teolytic machinery is still open: proteins destined for
degradation may be sampylated (covalently
labelled with small archaeal ubiquitin-like modifier
proteins (SAMPs)),8 but other degradation signals,
such as flexible and unstructured tails, are func-
tional in vitro9 and may also be relevant in vivo.
The eukaryotic protomers Rpt1–6 and archaeal

PAN share a common domain architecture
consisting of an N-terminal coiled-coil (CC)
domain, an oligosaccharide-/oligonucleotide-bind
ing (OB) domain and an ATPase domain (Figure 1
(A)). The CC domains of pairs of neighbouring
subunits form three coiled-coil structures per
unfoldase hexamer. In the eukaryotic 19S RP, the
CC domain structures are involved in binding to
the accessory proteins, but in archaea their
function, as well as that of the unfolded tails
located N-terminal to the CC domains, is not fully
understood.
Based on several cryo-electron-microscopy

(cryo-EM) structures of proteolytic machinery with
and without substrate,2,10–17 a sequential mecha-
nism for unfolding and translocation to the protease
chamber has been proposed, whereby the sub-
strate is handed over from one unfoldase subunit
to the other (hand-over-hand); contemporarily, the
unfoldase subunits cycle clockwise through a spiral
staircase arrangement, using energy from ATP
Figure 1. PAN has a C2 symmetry. (A) The domain
cerevisiae Rpt1) and archaea (M. jannaschii PAN). Three o
carry a C-terminal HbYX amino-acid motif (hydrophobic-tyro
(C) 1H,13C-HMQC spectra of selectively 1H,13C-labelled Met
presence of 50 mM ADP. For several residues, we could ide
domains. a, b and c indicate three different conformations at
peaks for M87 and in C2 symmetry. Along the CC helix, amin
minimal subunit of the CC structure.

2

hydrolysis. In this model, the six OB domains of
the AAA+ unfoldase subcomplex form a flat ring,
while five of the six ATPase domains form the stair-
case. The lowest-positioned ATPase domain (that
closest to the CP) is either bound to ADP or devoid
of any nucleotide and is disengaged from the stair-
case. Of the five ATPase domains in the staircase,
the lowest is bound to ADP, while the other four con-
tain ATP (Figure S1). In the absence of substrate
the staircase is steeply pitched, but becomes flat-
tened during substrate processing.10 When the dis-
engaged ATPase domain binds ATP, the second-
lowest member of the staircase hydrolyses ATP,
to maintain four ATP copies per ring. These two
events induce conformational changes, which
cause the previously disengaged ATPase domain
to move to the top-position of the staircase and
the previously lowest member of the staircase to
disengage. In this way, the ATPase ring “rotates”
clockwise (looking from the opposite side to that
bound by the CP) by one unit and the substrate is
translocated to the protease chamber by two amino
acids per molecule of hydrolysed ATP. In the only
cryo-EM structure of an archaeal proteasome,17

the movement of the ATPase domains appears to
be correlated with the engagement of the pore-
facing loops with the substrate, linking the ring “rota-
tion” with substrate translocation. Finally, the simi-
larity of this structure and the cryo-EM structures
of the bacterial proteolytic complex ClpXP (consist-
ing of the hexameric unfoldase ClpX and the pro-
tease ClpP) to the structure of eukaryotic
proteasomes18–20 supports a similar translocation
mechanism for all three kingdoms of life.
The hand-over-hand translocation mechanism

has been challenged by single-molecule studies of
architecture of proteasomal ATPases from yeast (S.
f the six protomers in Rpt1 and all six protomers in PAN
sine-any), which interacts with the core particle. (B) and
-e and Ile-d1 perdeuterated PAN (20 mM hexamer) in the
ntify up to three distinct peaks. (D) Schematics of the CC
the C-terminal end of the CC helix, which result in three
o acids are shown in groups of seven, as a heptad is the
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ClpXP, which used optical-trapping nanometry to
demonstrate that translocation does not occur
sequentially but rather in bursts, with a stochastic
distribution of the translocation step-size around
an average of 5–8 amino acids.21–24 These findings,
together with the fact that the activity of ClpXP
assembled with as many as four mutant unfoldase
subunits incapable of ATP hydrolysis is still signifi-
Figure 2. The PAN coiled-coil domain forms a homodim
domain (PAN1–89), which forms a 21.75-kDa dimer. Panel A
vertical axis, solid line, relative scale from 0 to 1) and the me
of the SEC elution. Panel B shows the distribution of molec
spectrum of PAN1–89: �30 peaks are sharp and intense, in
other peaks correspond to a region of PAN1–89 adopting a
dispersed peaks are encircled). The peaks are labelled with
was observed for each residue, indicating a symmetric arran
HSQC spectrum of C) showing peak assignments in the mo
45 �C on a 600 MHz spectrometer. Samples contained 500

3

cant,25 led the authors to conclude that transloca-
tion occurs stochastically rather than sequentially.
In the cryo-EM structures, 5–6 copies of the

unfoldase protomer are in the nucleotide-bound
state. This stoichiometry appears to conflict with
biochemical studies reporting that a maximum of
four nucleotide molecules bind simultaneously to
the unfoldase hexameric ring,26,27 which contains
er. (A, B) SEC-MALS analysis of the isolated coiled-coil
shows the differential refractive index (dRI) value (left

asured molecular-weight (right vertical axis, dashed line)
ular weights over the eluted sample. (C) 1H,15N-HSQC
dicating the presence of an unfolded stretch, while �40
well-defined secondary structure (some of these well-
the residue-specific assignments. Only one amide peak
gement of the two protomers. D). Excerpt of the 1H,15N-
st crowded region. Assignment spectra were recorded at
–1000 mM monomeric PAN1–89.
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three types of ATP binding-sites with distinct affini-
ties for the nucleotide. In PAN, two protomer sites
bind ATPcS with a dissociation constant KD of
0.5 lM, two sites with a KD of 113 lM and the other
two sites with only very weak affinity. Furthermore,
optimal substrate binding to the unfoldase was
achieved at ATP concentrations that support bind-
ing of only two ATP molecules.26 Similar results
were also reported for eukaryotic and bacterial
AAA+ unfoldases.28 On the other hand, a recent
native mass spectrometry study found that six
nucleotide molecules are stably bound to one
PAN hexamer.29 Thus, the exact stoichiometry of
ATP-binding by PAN remains unclear.
Here we use solution nuclear magnetic

resonance (NMR) spectroscopy to study the
architecture of AAA+ unfoldases in solution and
determine whether it endorses the spiral staircase
model. For these investigations, we have used
PAN from the thermophilic archaeon
Methanocaldococcus jannaschii (Mj). Unfoldases
from thermophilic organisms are well-suited for
NMR studies as the quality of the spectra of large
complexes improves at high temperatures.30,31

We find that in solution, in the presence of nucleo-
tide but in the absence of substrate, PAN has a
C2 symmetry, with the C2 axis likely going through
the center of the ring. The symmetry extends from
the C-terminal end of the CC domains through the
OB domains to the ATPase domains. This symme-
try is difficult to reconcile with the spiral staircase
model but fits well with the existence of three sets
of pairwise-similar nucleotide binding pockets. The
CC and OB domains do not appear to recruit the
substrate but rather contribute to determining the
overall PAN architecture. In light of our data, we pro-
pose that archaeal PAN does not adopt a staircase
architecture in the absence of substrate but rather a
pre-catalytic, resting state with C2 symmetry that
recapitulates the nucleotide binding properties
measured in biochemical experiments. The stair-
case architecture would then be induced by sub-
strate recruitment, which could be the factor
underlining the higher ATPase activity of the
machinery in the presence of substrate. This work
reiterates the importance of NMR spectroscopy for
the study of dynamic complexes, even those of very
large size.
Results

The NMR spectra of PAN sub-domains. First,
we assigned the NMR resonances of the
individual CC (PAN1–89), OB (PAN74–150) and
ATPase (PAN150–430) domains of the Mj PAN with
standard NMR experiments.
PAN1–89 formed a dimer in solution (Figure 2).

Only one set of peaks was present in all spectra,
indicating that the dimer is symmetric. Backbone
assignment was obtained to completeness
(except for residue E51, whose peaks were
4

missing from the spectra). The first 40 residues
were disordered, as indicated by both secondary
chemical shifts and relaxation data (Figure S2).
Residues 40–88 formed a long helix, with a
possible kink at the position of E51.
PAN74–150 formed a hexamer in solution (Figure 3

(D)). Backbone assignment covered the majority of
PAN74–150 with the exception of stretches 74–78
and 111–114 (Figure 3(E)). We observed up to six
distinct peaks per residue in the 1H,15N-HSQC
spectrum (Figure 3(E) and (F)). For some
residues, such as T143, the six peaks were all
localized in the same spectral region (Figure 3(A)
and (B)), while for some others, such as L142, the
six peaks clustered into two sets appearing in
different spectral regions (Figure 3(A) and (C)).
Overall, the NMR spectra suggested a complete
lack of symmetry in the hexamer. By contrast, the
crystal structure of theMj PAN OB domain32 is a tri-
mer of asymmetric dimers (C3 symmetry), contain-
ing two types of protomers differing in the
configuration of the peptide bond between P90
and P91, where an alternating cis and trans config-
uration allows for the formation of CC dimers and
positions the dimer on the top of the OB domain
contributing P91 in cis (Figure 3(G)). In the crystal
structure, all other residues of the OB fold have
the same conformation.
Wild-type PAN150–430 formed a mixture of

oligomers containing one to six protomers per
complex (Figure S3), leading to NMR spectra of
poor quality. Thus, we generated the mutant
F196A, which according to previous literature
reports33 weakens inter-protomer interactions. The
F196A PAN150–430 mutant was a stable monomer
in solution, allowing for the assignment of >94% of
the backbone resonances (Figure S3).
The symmetry of the PAN hexamer. First, we

sought to determine the architecture of full-length
(FL) PAN by monitoring the NMR resonances of
the 282-kDa hexameric ring in solution. To obtain
a monodisperse hexameric complex, we tested
several buffer conditions, varying salt and
nucleotide concentrations: the best-quality NMR
spectra were obtained for 120 lM PAN monomer
assembled into 20 lM hexameric PAN in 50 mM
ATP or ADP, 20 mM Tris-HCl, 100 mM NaCl,
10 mM MgCl2, pH* 7.1 (pD 7.5), 100 % D2O. In
the absence of nucleotide, PAN existed as a
mixture of hexamers and dodecamers (Figure S4).
The proportion of dodecamers could be
decreased in high-salt buffers (500 mM NaCl), but
good-quality NMR spectra of active PAN were
obtained only in the presence of either ADP or ATP.
In this molecular-weight range, solution NMR

relies heavily on the selective observation of
methyl-group resonances in 1H,13C-HMQC
spectra of uniformly deuterated, 1H,13C-methyl
labelled proteins. Methyl-group resonances have
favorable relaxation properties and yield peaks
with strong signal intensity.31,34 Because of exten-



Figure 3. The PAN OB domain forms a hexameric complex. (A) 1H,15N-TROSY spectrum of PAN74–150. The
presence of 216 resolvable peaks reveals that PAN74–150 exists in several different conformations. Sequential
assignment yielded up to six peaks per residue. Diamonds and asterisks indicate the peak clusters corresponding to
distinct conformations of L92 and L142, for which the three and four peaks, respectively, are located in very different
regions of the spectrum. (B) and (C) Excerpts of the spectrum shown in A in dashed rectangles. (D) SEC-MALS
analysis of PAN74–150, showing that the domain forms a hexamer of �54 kDa. The dRI is reported on a relative scale
from 0 to 1. The six conformations seen in (A) are likely to correspond to different conformations of the protomer in the
hexameric complex. (E) Number of conformations identified and assigned for each residue. (F) Number of
conformations assigned for each residue color-coded on the X-ray structure of PAN74–150 OB domain (PDB entry
3H43). (G) Close-up of the structure in (F) highlighting the two different geometries of the P90–P91 amide bond (cis
and trans) of the pair of neighbouring protomers whose N-terminal helices interact to form the coiled-coil structure. All
spectra were recorded at 60 �C on an 850 MHz spectrometer with perdeuterated, 15N,13C-labelled PAN74–150 at
600 mM (monomer concentration).
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G. Krüger, J. Kirkpatrick, E. Mahieu, et al. Journal of Molecular Biology 435 (2023) 167997
sive resonance overlap in the leucine and valine
methyl-group region, we focused our attention on
the methyl groups of isoleucine and methionine in
selectively IM-labelled samples (Figure 1(B) and
(C)). From the previous partial assignment of the
side-chains of individual domains, we could make
assignments for the two Ile-d1 methyl-groups of
the OB domain of FL PAN (I79 and I93), as well
as for all nine Met-e and 10 out of 22 Ile-d1
methyl-groups of the ATPase domain (Figure 4
(A)–(D)). The methyl-groups of an additional six
residues in the CC domain were assigned by point
mutations (I7, I28, I49, I56, M74 and M87, Figure 4
(E)). Additional point mutations (M179, M295 and
M412) were used to confirm assignments.
The 1H,13C-HMQC spectrum of IM-labelled FL

PAN showed between one and three peaks per
residue (Figure 1(B) and (C)). Three resolvable
peaks were seen for M1, M87, I93, M159, I266
and I267, spanning all three domains. In these
cases, the peaks had approximately equal
volumes, suggesting that the structure of the PAN
hexamer has C2 symmetry. Residues M295,
M301, I368, M371, M401 and M412 (and possibly
M179) appeared to show two peaks. When we
performed peak integration using the line-shape
fitting program FuDA (D.F. Hansen, https://www.
ucl.ac.uk/hansen-lab/fuda/), we measured a
volume-ratio of �2:1 for the two peaks of M295,
M301, I368 and M401, which is compatible with a
C2-symmetric structure of the hexamer, assuming
that the resonances of two of the three protomer
structures have similar chemical shifts. In contrast,
the volumes of the two peaks of M371 and M412
were similar, apparently contradicting the
presence of three conformations. However, for
these two amino acids the presence of a third
peak cannot be excluded because of spectral
crowding. Careful analysis of all the wild-type and
mutant spectra revealed two additional peaks
partially overlapped with those of M412, which did
not disappear in the spectrum of the M412A
mutant. One of these two peaks could represent
the third conformation of M371, while both
additional peaks distort the apparent volume-ratio
of the two peaks assigned to M412, making their
relative intensity appear approximately equal. For
all other residues, we could not unambiguously
determine the number of peaks due to spectral
crowding. However, more than three
conformations were not observed for any residue.
These results establish that in solution, in the
presence of nucleotide but in the absence of
substrate, archaeal PAN adopts a structure with
C2 symmetry, with the symmetry axis likely going
through the centre of the ring (Figure 1(D)).
In the presence of 50mMATP, the 1H,13C-HMQC

spectrum of FL PAN was identical to that recorded
in the presence of ADP, indicating that the
symmetry of PAN is the same when bound to
either ADP or ATP. The post-measurement ADP:
6

ATP ratio was �60:40, confirming that enough
ATP to saturate all PAN binding sites (�120 lM)
was present throughout the acquisition of the
NMR spectra.
To verify that the PAN construct described above

is catalytically active, we tested its activity using
GFP as substrate (Figure 5(A)). We chose GFP
because its high melting-temperature (>80 �C)35
makes it suitable for catalytic unfolding studies at
50–60 �C; in addition, its intrinsic fluorescence pro-
vides an additional means of monitoring the unfold-
ing reaction. TheGFP carried a bacterial ssrA-tag at
its C-terminus for targeting to the unfoldase.36 5 mM
FLPAN, either alone or in combination with equimo-
lar quantities of the 20S proteolytic CP, unfolded
100 mM GFP at 60 �C. The overall rate of unfolding
increased in the presence of the 20SCP, confirming
that the 20S particle has an activating effect on
PAN, as described previously.37

Next, we asked whether the C2 symmetry seen in
the NMR spectra of IM-labelled PAN could be
reconciled with the existing cryo-EM structures. To
answer this question, we inspected the position of
residues in the cryo-EM structures of the archaeal
proteasome from Archaeoglobus fulgidus (Af) that
correspond to those with well-resolved methyl-
groups in the NMR spectra of IM-labelled Mj
PAN.17 In the presence of substrate, the Af PAN–
proteasome complex was found in five conforma-
tional states, differing in the offset of individual
PAN protomers from the cognate surface of the pro-
teasome. We inspected the environment of the
side-chains of the residues of Af PAN correspond-
ing to M87, I93, M159, I266, I267, M295, M301,
I368, M371, M401 and M412 in Mj PAN in the six
PAN protomers of all five Af PAN conformations.
We refrained from building and inspecting structural
models of the Mj PAN generated using the struc-
tures of Af PAN as templates, because of the low-
resolution of the EM structures of Af PAN (6.5–
7.5 �A for the entire structure and 4.85 �A in the
ATPase ring)17 and the expected lack of accuracy
in the prediction of the conformations of the side-
chains of Mj PAN. Thus, our analysis focused on
identifying substantial differences in the environ-
ment of the NMR-visible side-chains in the six sub-
units, rather than revealing subtle conformational
variations.
Firstly, the presence of three conformations for

M87 and I93 is not predicted by the cryo-EM
conformers. Mj I93 is at the N-terminal end of the
OB domain and the corresponding residue in the
cryo-EM structure of Af PAN, L64, faces b-strand
b3 of the neighbouring protomer (Figure 6(A)).
The distance to the closest residue of the
neighbouring sub-unit, F87, is similar across all
interfaces, except for one, where F87 is tilted
away from L64 (green and blue in Figure 6(A),
respectively). Mj M87 corresponds to Af L58,
which is located three residues before the 61PP62

dyad whose conserved P62 residue was found to

https://www.ucl.ac.uk/hansen-lab/fuda/
https://www.ucl.ac.uk/hansen-lab/fuda/


Figure 4. Resonance assignment strategy for the methyl groups of full-length PAN. (A) and (B) 1H,13C-
HMQC spectrum of mutant PAN150–430F196A with methionine-e (A) and isoleucine-d1 (B) methyl-group resonance
assignments. (C) and (D) Overlay of the mutant PAN150–430F196A 1H,13C-HMQC spectrum (blue) with the FL PAN
1H,13C-HMQC spectrum (red). The methionine-e and isoleucine-d1 regions are shown in (C) and (D), respectively.
Assigned peaks are labelled. (E) Overlays of the 1H,13C-HMQC spectrum of wild-type FL PAN (red) with those of
several point mutants (blue). The encircled asterisks indicate peaks which disappear in the mutant spectra. All spectra
were recorded on 20 mM PAN hexamer in 100% D2O-based buffers at 60 �C on an 850 MHz spectrometer.
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Figure 5. GFP-ssrA is a substrate of both PAN and PAN–20S. (A) Fluorescence decays of GFP-ssrA (100 mM)
at 60 �C in the presence of either PAN (5 mM, pink) or PAN–20S (5 mM, blue), with 100 mM ATP and 100 mM MgCl2.
The control reaction (without PAN and the 20S CP) is in grey. The decays can be fitted by a biexponential function.
The values of the shorter time-constant T1 are T1, unfolding = 341 ± 12 s (with PAN) and T1, proteolysis = 243 ± 44 s (with
PAN–20S). 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 reaction-mix as in
(A) after incubation at 60 �C for 3 h. The addition of PAN results in the formation of white precipitate, while the addition
of PAN–20S leads to a clear, colorless solution.
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alternate between the trans and cis geometries,
thereby positioning the coiled-coil domains above
the OB domains of the subunits with P62 in the cis
geometry.38 This residue shows three distinct
peaks in the 1H,13C-HMQC spectrum, contradicting
the C3 symmetry arising from alternating P62 cis/
trans geometries and suggesting instead three dif-
ferent orientations of the coiled-coil domains with
respect to the OB ring (Figure 1(D)). In the cryo-
EM study of Af PAN, the coiled-coil domains were
found to be flexible. Nevertheless, in all structures
the positions of the three L58 residues preceding
the P62 residues with cis geometry are similar:
L58 is sandwiched between the L58 and the flexible
R59 residues of the neighbouring protomer (Fig-
ure 6(B)–(D)). Similarly, all three L58 residues pre-
ceding the P62 residues with trans geometry are
sandwiched between the L58 and the R59 residues
of the neighbouring protomer, with R59 being held
in place by a salt-bridge with the S92 residue of
the b3–b4 loop (Figure 6(C)). Notwithstanding the
low resolution of the cryo-EM structures, which
impinges on the reliability of the side-chain confor-
mations, the C2 symmetry seen for M87 and I93 in
the NMR spectrum of the PAN homohexamer is
not reproduced in the cryo-EM conformers.
Secondly, we considered the residues Mj M159

and M295: these correspond to Af F130 and
M266, and are critical indicators of the
arrangement of the PAN protomers in the
hexamer, being at the interface between two
ATPase subunits. In the NMR spectrum, Mj M159
shows three distinct peaks with approximately
equal volumes. In the cryo-EM structures, the
8

corresponding residue Af F130 is found in four
different environments. F130 of the disengaged
(lowest) protomer contacts M266 in helix a6 of the
highest subunit (Figure 7(A)). F130 of the second-
lowest subunit (lowest in the spiral staircase) is
close to helix a5 of the disengaged subunit and
may contact R224 (Figure 7(B)). In the following
protomers, F130 is either juxtaposed to helix a5 of
the neighbouring subunit (Figure 7(F)) or projected
towards helix a5 of the same subunit (Figure 7(C)
and (E)), or contacts the OB domain of the
neighbouring subunit (Figure 7(D)). For this
residue, none of the five structures of Af PAN
reproduces the C2 symmetry revealed in the NMR
spectra. Af M266 is located on helix a6 one turn
below the portion of the helix that builds the
nucleotide binding pocket. The corresponding
residue Mj M295 shows two peaks in the NMR
spectrum with a volume-ratio of 2:1. Again, the
cryo-EM structures do not reproduce the C2

symmetry seen in the NMR spectrum. While the
environment of Af M266 is very similar in four of
the six protomers, with M266 contacting E242 and
D244 of the a6–b9 loop of the neighbouring
protomer (Figure 7(H)–(K)), the environments of
the other two protomers are quite different from
the first four and from each other. At the interface
between the lowest and second-lowest protomers,
M266 is juxtaposed to the same loop but the
interface is quite loose (Figure 7(G)). Finally, at
the interface between the lowest and highest
protomers, M266 contacts F130 in the long loop
that connects the OB and the ATPase domains
(Figure 7(A)). The discrepancies between the



Figure 6. Chemical environment of residues with multiple NMR signals in the EM-derived structure of the
homologue protein Af PAN. (A) Local structures around residue L64 (corresponding to Mj I93) at the six inter-
protomer interfaces of Af PAN. Also shown is F87, which contacts L64 from the neighbouring protomer, with inter-
residue distances given in �A. The protomers are in different colors. (B)–(D) Local structures around residues L58
(corresponding to Mj M87) in the three coiled-coil dimers of Af PAN, color-coded by protomer. Amino-acids with side-
chains at distances of less than �4 �A from L58 are shown in sticks. The distances between the side-chains of R59
and S92 are given in �A. The figure was made using the structure from PDB entry 6he8.
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NMR data and the cryo-EM structures observed for
Mj M295 and Mj M159 cannot be explained by the
low-resolution of the EM structures, as the EM
structures show large differences at protomer
interfaces that are not in agreement with C2

symmetry. Thus, we conclude that the architecture
adopted by hexameric PAN in solution and in the
absence of substrate is different from the spiral
staircase architecture of the cryo-EM structures
solved in the presence of substrate.
Finally, the cryo-EM structure of Af PAN does not

predict the presence of two or three peaks for Mj
PAN I266, I267, M301, I368, M371, M401 and
M412 in solution. For I368, M371, M401 and
M412, the local structural environments at the
corresponding residues of Af PAN (L339, I342,
M372 and L383) are very similar across all six
protomers (Figure S5(B)). In the context of
hexameric Af PAN, all these residues have only
intra-protomer contacts. Of these four residues
only Af PAN L383 occupies slightly different
environments in the six subunits due to the
different conformations of the C-terminal end of
the last PAN helix (Figure S5(B)). The two peaks
9

corresponding to Mj M301 (equivalent to Af L272)
have a volume-ratio of 2:1, which, as explained
above, is consistent with C2 symmetry.
Conversely, the local structures of Af PAN L272 in
the six protomers are only slightly different with no
evidence of C2 symmetry (Figure S5(A)). Similarly,
the NMR spectrum indicates that I266 and I267
each experience three environments, with the
position of one of the three peaks clearly
separated from the other two. In contrast, the local
structures at the equivalent residues I237 and
I238 of Af PAN are only slightly different from
each other (Figure S5(C) and (D)) and again there
is no evidence of C2 symmetry. M301, I266 and
I267 belong to pore helix a6 and strand b9 on one
side of the nucleotide binding pocket and the
corresponding residues in Af PAN have only intra-
protomer contacts. The positional distribution of
the NMR peaks of the six copies of each of these
residues in the solution NMR spectrum of Mj PAN
(three peaks, two with either similar or
indistinguishable chemical shifts and one with
different chemical shift) suggests that the packing-
geometries of helix a6 against the central b-sheet



Figure 7. Chemical environment of residues with multiple NMR signals in the EM-derived structure of the
homologue protein Af PAN. (A)–(F) Local structure around residue F130 (corresponding to Mj M159) in all six
protomers of Af PAN, color-coded by protomer. Amino-acids with side-chains at distances of less than �4 �A from
F130 (and not belonging to the same secondary-structure element as F130) are shown in sticks. (G)–(K) Local
structure around residues M266 (corresponding to Mj M295) in five protomers of Af PAN, color-coded by protomer.
The sixth protomer is shown in panel A. Amino-acids with side-chains at distances of less than �4�A from M266 (and
not belonging to the same secondary-structure element as M266) are shown in sticks. The figure was made using the
structure from PDB entry 6he8.
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of the ATPase domain are pairwise identical and
that, furthermore, are similar in two of the three
pairs (corresponding to the peaks at similar
positions), but quite different in the third pair
(corresponding to the peak with distinct position).
It is tempting to correlate this pattern in the
disposition of the three peaks with the geometries
of the nucleotide binding pockets and their
occupancy. Biochemical studies have
demonstrated the existence of three types of
nucleotide binding pocket, each with different
affinity for nucleotides.26,27 In addition, the cryo-
EM structures of Af PAN also reveal three distinct
binding-pocket geometries, differing in particular in
the conformation of the pore-2 loop that comprises
the conserved D273-G274-F275 motif following
L272 on helix a6 (M301 inMj PAN). Thus, although
the cryo-EM structures do not reveal any differ-
ences in the local environments of I266, I267 and
M301 (probably because of the low resolution),
the existence of three different binding-pocket
geometries is consistent with both the solution
NMR and cryo-EM data.
10
In summary, the Af PAN structures either do not
support or are in contradiction with the C2

symmetry observed in the NMR spectra, leading
to the conclusion that the cryo-EM study and this
NMR study describe two different states of the
enzyme.
The CC and OB domains of PAN do not

interact with the degradation signal-peptide.
The mechanism by which proteins are targeted to
archaeal proteolytic machinery is poorly
understood. The bacterial signal-peptide ssrA
(AANDENYALAA) functions as a degradation
signal in combination with archaeal PAN in vitro.
Fuzzy interactions between the degradation tag
and the N-terminal domains of PAN could act to
increase the local substrate concentration at the
entrance to the central channel of the ATPase
ring, thus initiating unfolding and translocation to
the proteolytic core-particle. Hence, we tested
whether ssrA interacts with either of the CC or OB
domains. The 1H,15N correlation spectra of
300 lM of either dimeric PAN1–89 or hexameric
PAN74–150 in the presence of 3 or 1.9 mM ssrA
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peptide showed no change in the chemical shifts of
the individual peaks (Figure S6), thus refuting the
hypothesis that the CC or OB domains may
function to recruit the substrate through
recognition of the degradation tag.
An alternative mechanism could involve the

hydrophobic ssrA peptide interacting directly with
residues in pore-loop 1 of the ATPase domain: in
this scenario, when PAN starts pulling on the tag
as a consequence of ATP hydrolysis, the stable b-
barrel of GFP (or globular core of another
substrate protein) would collapse due to steric
clashes with the rigid OB-ring.37 To test this second
hypothesis, we added 200 lM of GFP-ssrA to
20 lM of FL PAN hexamer in the presence of
50 mM ADP; no changes were observed in the
1H,13C-HMQC spectrum of the IM-labelled FL
PAN (Figure S6). Knowing that ATP increases the
affinity of PAN for the substrate,26 we repeated
the experiment in the presence of ATP. However,
under these conditions, PAN hydrolysed ATP much
faster than in the absence of substrate39 and had
converted the added ATP almost entirely to ADP
in the first 30 minutes of the NMR measurement.
Thus, we were unable to determine whether pore-
loop-1 residues of the ATPase domains of FL
PAN are the initial recognition site for GFP-ssrA in
the presence of ATP.
Discussion

The presence of three protomer conformations in
the PAN unfoldase cannot be easily reconciled with
the cryo-EM structures showing five of the six
protomers arranged in a spiral staircase. In
contrast, the C2 symmetry seen in the NMR
spectra agrees with the existence of three distinct
nucleotide-binding-pockets, with high, low and
negligible affinity for the nucleotide.17,26,27 Because
the symmetry properties of PAN detected in the
NMR spectra extend from the C-terminal tip of the
coiled-coil domains to the OB and ATPase
domains, it is tempting to posit that the conforma-
tions of the nucleotide binding sites are allosterically
coupled to those of the CC domains, a situation that
would be in agreement with the work of Wilson
et al.,40 who showed that truncation of the first 73
amino acids of the CC domain of Mj PAN results
in an active PAN variant, which, however, has lost
selectivity for ATP and can also bind other nucleo-
tides. Long-range allosteric regulation of substrate
processing by the lid of the RP via its CC domains
has also been proposed for the human
proteasome.11

In contrast to the cryo-EM study,17 our NMR study
was conducted in the absence of both the substrate
and the core-particle, and in the presence of ADP
rather than ATPcS. Thus, it is worth asking whether
these differences in the sample composition could
be responsible for the observed differences in the
symmetry of the unfolding machinery. The NMR
11
spectra did not change upon addition of ATP,
demonstrating that the identity of the nucleotide
does not influence the C2 symmetry of the particle
in solution. Interestingly, C2 symmetry was also
observed in a cryo-EM study of the E. coli AAA+
ATPase RavA, as an alternative conformation to
the spiral staircase.41 In this work, the ATPase ring
in isolation (i.e. not coupled to any other enzyme)
was found in two main conformations: a spiral stair-
case with one large “seam” (corresponding to the
gap between the lowest and highest subunits) and
five bound nucleotides, and a flat ring with C2 sym-
metry, two smaller seams on opposite sides of the
ring and four bound nucleotides. This second con-
formation would be in very good agreement with
the symmetry observed in the NMR spectra of Mj
PAN. A similar pseudo-C2 symmetry was observed
also in the X-ray structure of the ClpX ring.42

The C2 symmetry seen for the Mj PAN in solution
also has similarities with the AAA+ ATPase ring of
the human proteasome in the open-gate state,
where the RP channel leading to the CP is
open.43 In this state, the AAA+ ring is arranged in
a circle-on-a-saddle topology (referred to as SD2

by the authors) with the highest position relative to
the CP adopted by the two ATPase subunits on
the opposite sides of the ring and only four bound
nucleotide molecules.43 In this topology, the differ-
ences in the vertical position of the subunits are
much less than in the staircase arrangement,
approximating the flat ring seen for RavA. In this
study,43 Zhu et al. propose that binding of six
nucleotide molecules to the eukaryotic proteasome
stabilizes the resting-state arrangement, while in an
actively translocating proteasome the circle-on-a-
saddle topology (SD2) with four bound nucleotides
becomes predominant. Thus, we conclude that
the C2 symmetry observed for Mj PAN in our study
represents a common topology of AAA+ ATPase
rings.
The differences between the C2-symmetric

arrangement of Mj PAN seen in this NMR study
and the spiral staircase arrangement seen in cryo-
EM studies could be explained by the absence of
both substrate and proteasomal particle in the
NMR studies. The C2-symmetric arrangement
could represent a nucleotide-bound, resting state
of archaeal PAN. The prevalence of the C2-
symmetric conformation in the absence of
substrate could explain why the association with
PAN with its cognate CP particle requires the
substrate: it may act to induce the spiral staircase
conformation that is competent for CP binding.
Conclusions

The functional mechanisms of many molecular
machines are based on conformational changes,
either at the local or global level. Here we
demonstrate the relevance of NMR spectroscopy
in solution to reveal the conformational properties
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of high molecular-weight machinery. Despite the
fact that at high molecular-weight solution-state
NMR spectroscopy cannot be used to determine
full, de novo structures, its capability to reveal the
three-dimensional environment of specific side-
chains at high-resolution and in the entire
ensemble of conformations is powerful and
unique. Because each NMR signal can be
interpreted independently of the others, NMR
spectroscopy can focus on selected amino acids
in particles that are neither engineered nor
selected to favour the most stable conformation.
Here, solution-state NMR spectroscopy reveals C2

symmetry of the AAA+ ATPase ring of PAN in the
absence of substrate but in the presence of
nucleotide, which likely represents a resting state
of PAN.
Materials and methods

Protein expression

All sub-cloning of expression constructs was
carried out using a restriction-free cloning
approach.44 Point mutations were introduced fol-
lowing the QuikChange (Agilent Technology)
approach. All constructs were confirmed by DNA
sequencing.
The GFP-ssrA protein used in this study is a

folding-reporter GFP variant.45 A synthetic gene
(GeneCust Europe) of monomeric GFPuv with a
C-terminal ssrA tag (AANDENYALAA) and the
point mutation A206K46 was cloned into the
pETM11 expression vector (EMBL collection) with
an N-terminal His6 purification tag followed by a
TEV (tobacco etch virus) protease cleavage-site.
The two mutations F64L and S65T were also intro-
duced to yield a folding-reporter GFP variant with
improved expression-yields and enhanced stability
when expressed in M9 minimal medium for NMR
studies.
The synthetic codon-optimized gene (GeneCust

Europe) of Methanocaldoccus jannaschii PAN was
cloned into the pET30a expression-vector carrying
a C-terminal His6 purification tag. For proteolysis
studies, where PAN must bind the 20S CP and
thus requires an accessible C-terminal HbYX-
motif, the unfoldase was cloned into a pETM22
expression-vector (EMBL collection), coding for an
N-terminal thioredoxin solubility tag (Trx), a His6
purification tag and a 3C-cleavage site. PAN
subdomains (CC: residues 1–89; OB-ring:
residues 74–150; ATPase-domain: 150–430) were
cloned into the pETM22 expression vector.
M. jannaschii 20S proteasome core particle a-

and b-subunits were ordered as codon-optimized
synthetic genes (GeneCust Europe) and cloned
into pET28a and pET30a expression vectors,
respectively. The a-subunit carried an N-terminal
His6-tag, while the b-subunit, including the six-
residue N-terminal pro-peptide, was untagged.
12
All proteins were expressed in E. coli BL21 (DE3)
cells and all media contained 50 mg/ml kanamycin
(Carl Roth). To produce GFP-ssrA, an overnight
culture in lysogeny broth (LB, 50 mg/ml
kanamycin) was inoculated from freshly
transformed E. coli BL21 (DE3) cells on agar
plates and incubated at 37 �C overnight. The next
day, the main LB culture was inoculated 1:100
and cells were grown at 37 �C to an OD600 of 0.8.
Next, cells were cooled to 20 �C and expression
of GFP-ssrA induced by the addition of 0.1 mM
isopropyl-b-D-thio-galactoside (IPTG, Carl Roth).
After further incubation at 20 �C for 8 h,
expression was stopped and cells were harvested
by centrifugation (5000 g at 4 �C for 20 min),
washed with ice-cold phosphate-buffered saline
(PBS) and stored at –80 �C until further use. Cells
were resuspended in lysis buffer (50 mM Tris-HCl
pH 7.5, 100 mM NaCl, 10 mM imidazole, 5 mM b-
mercaptoethanol) supplemented with DNAse I
(Roche), complete EDTA-free protease inhibitors
(Roche), lysozyme (Carl Roth) and 20 mM
MgSO4. After enzymatic lysis for 20 min, cells
were disrupted by sonication. Next, 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). Unbound
protein was removed by washing with 20 column
volumes (CV) of lysis buffer and His6-protein was
eluted with 500 mM imidazole in lysis buffer. The
N-terminal His6-tag was cleaved overnight with
TEV-protease while dialysing the protein against
lysis buffer to remove imidazole. The next day, the
tag and uncleaved His6-protein were removed by
passing the cleavage mix over the HisTrap
column. The flow-through containing GFP-ssrA
was concentrated using a 10-kDa MWCO Amicon
centrifugal filter unit (Millipore) and further purified
by gel filtration on a HiLoad 16/600 Superdex S75
pg column (Cytiva) in storage buffer (20 mM Tris-
HCl pH 7.5, 100 mM NaCl). Purity and integrity of
GFP-ssrA was confirmed by ESI mass
spectrometry and the purified protein was
concentrated, aliquoted and stored at –80 �C until
further use.
Full-length PAN (FL PAN) was produced in two

variants, one with a C-terminal uncleavable His6-
tag (PAN-His6) and one with an N-terminal Trx-
His6-tag (Trx-PAN). For expression of both
variants, overnight pre-cultures in LB were
inoculated from freshly transformed E. coli BL21
(DE3) cells carrying the respective plasmid and
incubated for 14–18 h at 37 �C. The main LB
cultures were inoculated 1:100 on the next day
and cells were grown to an OD600 of 0.75. After
cooling to 20 �C, expression of PAN was induced
by the addition of IPTG (1 mM for PAN-His6,
0.1 mM for Trx-PAN) and cells were incubated at
20 �C for a further 18 h. Cells were harvested by
centrifugation (5000 g at 4 �C, 20 min), washed
with PBS and stored at –80 �C until further use.
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Cells producing Trx-PAN were resuspended in
lysis-buffer A (20 mM Tris-HCl pH 7.5, 500 mM
NaCl, 10 mM MgCl2, 10 mM imidazole and 5 mM
b-mercaptoethanol) supplemented with DNAse I
(Roche), RNAse (Roche), complete EDTA-free
protease inhibitor cocktail (Roche) and lysozyme.
After enzymatic lysis for 20 min, cells were
disrupted by sonication. Next, 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). Unbound
protein was washed from the column with lysis
buffer A. The Trx-PAN protein was eluted with a
gradient of 50–500 mM imidazole in 10 CVs, and
peak-fractions were exchanged into lysis buffer
using a HiPrep 26/10 desalting column. The Trx-
His6-tag was cleaved with 3C protease overnight.
The cleavage mix was purified with a HisTrap
column. Cleaved PAN was buffer-exchanged to
the storage buffer (20 mM Tris-HCl pH 7.5,
100 mM NaCl, 10 mM MgCl2). Cells producing
PAN-His6 were lysed in the PAN-storage buffer
supplemented 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. The
cleared lysate was loaded onto a Histrap HP
IMAC column. Unbound protein was washed with
10 CVs of 25 mM imidazole and 10 CVs of 50 mM
imidazole in PAN storage buffer, before PAN-His6
was eluted with 500 mM imidazole. Imidazole was
removed by buffer-exchange into the storage
buffer. Both cleaved PAN from Trx-PAN and PAN-
His6 were further purified by anion exchange
chromatography on a 5 ml HiTrap Q HP column.
Finally, PAN and PAN-His6 were purified on a
HiLoad 16/600 Superdex 200 pg size exclusion
chromatography (SEC) column in storage buffer,
concentrated using a 100-kDa MWCO Amicon
centrifugal filter (Millipore) and stored at –80 �C.
Cells containing the pETM22-Trx-PAN-CC

plasmid (expressing PAN1–89) were lysed in lysis
buffer, purified and cleaved as for Trx-PAN.
Cleaved PAN1–89 was separated from the
cleavage mix via a second round of affinity
chromatography. After concentration, PAN1–89

was further purified by SEC on a HiLoad 16/600
Superdex 200 pg column in CC-buffer (20 mM
MES pH 6.5, 100 mM NaCl, 10 mM MgCl2, 0.1 %
NaN3). The pure protein was concentrated and
frozen at –80 �C until further use.
Cells expressing the pETM22-Trx-PAN-OB-ring

plasmid (coding for PAN74–150) were lysed in lysis
buffer, purified and cleaved as for Trx-PAN;
however, in this case the buffer consisted of
HEPES at pH 7.0. After cleavage, PAN74–150 was
buffer-exchanged to the cation-exchange buffer
(20 mM HEPES, 100 mM NaCl, 10 mM MgCl2, pH
7.0) and purified on a SP FF cation exchange
13
column (Cytiva). Finally, PAN74–150 was purified by
SEC with a Superdex 200 increase 10/300 GL
column (Cytiva) in PAN-storage buffer,
concentrated and stored at –80 �C until further use.
PAN150–430 was expressed with the F196A point

mutation for improved solubility. In addition, the
construct used for NMR assignment also
incorporated the five mutations K406S, K414–
416E and K418E, which were designed to
eliminate basic charges on one face of the
ATPase-domain hexameric ring and thereby
hinder formation of higher-order aggregates. This
mutant variant of PAN150–430 was expressed and
purified in the same way as PAN from the Trx-
PAN fusion construct, as described above. The
final SEC was carried out on a HiLoad 16/600
Superdex 75 pg column in ATPase-domain
storage buffer (20 mM MES, 500 mM NaCl,
10 mM MgCl2, 2 mM TCEP, pH 6.1).
The M. jannaschii 20S proteasome was

assembled from the individual domains following
the protocol previously reported for the T.
acidophilum 20S CP.47 Individual subunits were
expressed separately. Freshly transformed E. coli
BL21 (DE3) cells harbouring either the pET28a-
20S-a-subunit or the pET30a-20Sb-subunit plas-
mids were used to inoculate an LB overnight culture
(50 mg/ml kanamycin). The next day, the main LB
culture was prepared by inoculating 1:100 from
the overnight culture and grown at 37 �C to an
OD600 of 0.8. Cells were cooled to room tempera-
ture and proteins were expressed by addition of
1 mM IPTG, followed by incubation at 20 �C for
18 h. Cells were 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 (20 mM Tris-HCl pH
7.5, 100 mM NaCl, 10 mM MgCl2, 5 mM
imidazole), 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 19000 g and 4 �C for 1 h. The
cleared lysate was loaded onto a HisTrap HP 5 ml
column (Cytiva) pre-equilibrated in lysis buffer.
Unbound protein was washed from the column
with 10 CVs of lysis buffer. 20S-a-subunits were
eluted with 500 mM imidazole in lysis buffer and
then buffer-exchanged into storage buffer (20 mM
Tris-HCl pH 7.5, 100 mM NaCl, 10 mM MgCl2)
with a HiPrep 26/10 desalting column (Cytiva).
The a-subunits were further purified by anion-
exchange chromatography on a HiTrap Q HP 5 ml
column (Cytiva) with elution over a gradient of
100–500 mM NaCl in 10 CVs. Finally, the protein
was concentrated (Amicon 15, 10-kDa MWCO,
Millipore) and further purified by SEC with a
HiLoad 16/600 Superdex 200 pg column in
storage buffer. The fractions corresponding to
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single heptameric a-rings were collected and kept at
4 �C until assembly of the 20S.
Cells expressing the b-subunits were

resuspended in storage buffer, supplemented with
protease inhibitors, DNAse and lysozyme,
incubated at room temperature for 15 min and
lysed by two passages through a high-pressure
homogenizer (Avestin Emulsiflex C5, 15000 psi).
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) pre-
equilibrated in storage buffer. Unbound protein
was removed by washing with 10 CVs of storage
buffer; the bound protein was eluted with a
gradient of 100–1000 mM NaCl in 20 CVs. b-
subunits were concentrated (Amicon-15, 10-kDa
MWCO, Millipore) and further purified by SEC with
a HiLoad 16/600 Superdex 75 pg column in
storage buffer.
The 20S CP was assembled by mixing purified

but not concentrated b-subunits with a-rings,
gently shaking at 37 �C (volume � 30 ml). 0.02 %
NaN3 (Sigma Aldrich) was added to prevent
microbial growth. After 6 h, the mix was
concentrated to 2 ml (Amicon-15, 100-kDa
MWCO, Millipore) at ambient temperature and
further incubated at 37 �C for 16 h. Finally, the
assembled 20S proteasome was purified by SEC
with a HiLoad 16/600 Superdex 200 pg column in
storage buffer. Fractions corresponding to the
a7b7b7a7 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.

Isotopic labelling and deuteration

Production of isotopically enriched proteins was
carried out in M9 minimal medium. Uniformly
13C,15N-labelled proteins (GFP-ssrA, PAN1–89)
were expressed in M9 minimal medium containing
1 g/l 15NH4CL and 4 g/l 13C-D-glucose (Eurisotop
and Sigma Aldrich). All deuterated proteins
(PAN74–150, PAN150–430, full-length PAN) were
produced in minimal medium containing 99% D2O.
99% deuteration was achieved using 4 g/l
deuterated carbon sources (2H7-D-glucose,

2H8-
glycerol, Eurisotop). Deuterated protein samples
for backbone assignment experiments were
prepared using D2O-based minimal medium
containing 1 g/l 15NH4Cl and 4 g/l [13C6;

2H7]-D-
glucose (Eurisotop). Deuterated ILV-
methyl-1H,13C-labelled proteins were produced by
the addition of appropriately labelled a-ketoacid
amino-acid precursors to the cell culture 1 h
before induction with IPTG.48 For side-chain
assignment, the following labelling scheme was
adopted, yielding full 13C-labelling of the side-
chain: [13C4,3,3-

2H2]-a-ketobutyrate (60 mg/l) and
[1,2,3,4-13C4; 3,4

0,40,40-2H4]-a-ketoisovalerate acid
(120 mg/ml) (Eurisotop and Sigma Aldrich). For
NOESY-based experiments (PAN150–430) and for
14
full-length PAN [methyl-13C;3,3-2H2] a-
ketobutyrate (methyl-13C, 99%; 3,3-D2, 98%) and
[3-methyl-13C; 3,4,4,4-2H4]-a-ketoisovalerate were
added instead (Eurisotop and Sigma Aldrich).
1H,13C-labelling of Met-e methyl groups in deuter-
ated proteins was achieved by adding the SLAM-
methionine labelling kit (NMR-Bio) 30 min before
the addition of ILV precursors. Isotopically labelled
and deuterated proteins were purified identically to
the unlabelled proteins.

SEC-MALS

SEC-MALS (SEC, size-exclusion-
chromatography; MALS, multiple-angle-light-
scattering) experiments were carried out using
either a Superdex 200 increase 10/300 GL column
in PAN-storage buffer (PAN150–430, PAN74–150) or
a Superdex 75 increase 10/300 GL column in
coiled-coil buffer (PAN1–89) or a Superose 6
increase, 10/300 GL (FL PAN), all from Cytiva.
Light-scattering and refractivity-index values were
obtained from mini-DAWN TREOS and Optilab T-
rEX detectors, respectively (both from Wyatt). The
molecular weights were calculated with the
software ASTRA 7 (Wyatt).

Fluorescence measurements of GFP-ssrA
unfolding and degradation

Unfolding and degradation of GFP-ssrA by PAN
and PAN–20S was carried out in a StepOne RT-
PCR system (Thermo Scientific) monitoring
intrinsic GFP fluorescence with ROX-dye filters to
prevent detector saturation. The buffer was
20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 100 mM
MgCl2 (Sigma Aldrich) and 100 mM ATP (Carl
Roth). 100 mM GFP-ssrA in buffer was incubated
either with 5 mM PAN alone or with 5 mM PAN and
5 mM 20S in a final volume of 25 ml and
fluorescence was measured at 60 �C in 10 s
intervals. All runs were repeated in triplicate.

NMR experiments

All NMR spectra were recorded on Bruker Avance
III HD 600-MHz (resonance assignment
experiments) and 850-MHz (resonance
assignments and time-course experiments)
spectrometers running TopSpin 3.2 software and
equipped with N2-cooled and He-cooled inverse
HCN triple-resonance cryogenic probes,
respectively. Spectra were processed with
TopSpin 3.2 (time-course experiments) or
NMRPipe49 (all other experiments) and analysed
in CcpNmr Analysis v2.4.50

Resonance assignments

PAN CC. Backbone resonance assignment
experiments of the PAN1–89 were recorded on
1 mM (monomer) U- [15N, 13C] labelled protein in
20 mM MES pH 6.5, 100 mM NaCl, 10 mM MgCl2,
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0.1 % NaN3, 10 % D2O and included 2D 15N-
HSQC,51,52 3D HNCO, 3D HN(CO)CACB and 3D
HNCACB, 3D HN(CO)CA and 3D HNCA53–58 at
45 �C.
PAN OB-ring. Backbone resonance assignment

experiments of PAN74–150 were recorded on U-
[2H, 13C, 15N]-labelled protein as a set of TROSY-
based experiments (1H,15N-TROSY-HSQC, 3D
TROSY-HNCO, 3D TROSY-HN(CA)CO, 3D
TROSY-HNCA, 3D HN(CO)CA, 3D TROSY HN
(COCA)CB, 3D TROSY-HNCACB, 3D TROSY
HN(CA)CB).59–61 Samples were prepared at 600–
700 lM monomer (100–120 lM PAN OB-ring hex-
amer) in NMR buffer (20 mM Tris-HCl, 100 mM
NaCl, 10 mM MgCl2, 0.05 % NaN3, pH 7.5, 10 %
D2O). Assignment of ILV-methyl resonances was
achieved via an HMCM[CG]-CBCA COSY experi-
ment,48 measured on triple-labelled samples [2H,
13C, 15N], where Ile-d1-, Leu-d, Val-cmethyl groups
were selectively protonated. All experiments were
conducted at 60 �C.
PAN ATPase-domain. Backbone assignment of

PAN150–430 was conducted on the monomeric
mono-disperse F196A mutant construct. A further
five C-terminal point mutations were included,
which reduce the formation of dodecamers in full-
length PAN (K406S, K414E, K415E, K416E,
K418E). The set of assignment experiments was
recorded on 600 mM U-[2H, 13C, 15N]-labelled
samples in 20 mM MES, 500 mM NaCl, 10 mM
MgCl2, 2 mM TCEP, 0.05 % NaN3, pH 6.1, 10%
D2O, and consisted of 1H,15N-TROSY-HSQC, 3D
TROSY-HNCO and 3D TROSY-HNCACB
spectra. Resonance assignments of Ile-d1-, Leu-d,
Val-c methyl groups were obtained via the HMCM
[CG]-CBCA COSY experiment, recorded on U-
[2H, 13C, 15N]-labelled samples with selective
protonation of the respective methyl groups.
Methionine-e-methyl groups were assigned using
inter-methyl NOEs obtained from a 3D 13C-
HMQC–NOESY–13C-HMQC spectrum62,63

recorded on a PAN150–430 sample that was uni-
formly 2H,15N-labelled, with the exception of Ile-
d1-, Leu-d, Val-c and Met- e-methyl groups, which
were 1H,13C-labelled. Experimental NOEs were
compared to those predicted from the PDB entry
3H4M.32 In total 8 out of 9 Met-e, 22 out of 24 Ile-
d1, 41 out of 50 Leu-d and 40 out of 40 Val-c
methyl-resonances were assigned unambiguously.
The Leu and Val methyl-group assignments were
non-stereospecific. All experiments on the
PAN150–430 construct were conducted at 60 �C.
Full-length PAN. Ile-d1 and Met-e methyl-group

assignments of PAN150–430 were transferred to the
full-length protein by overlaying the 1H,13C-HSQC
spectrum of PAN150–430 with the 1H,13C-HMQC34

spectrum of 20 mM full-length PAN hexamer in
20 mM Tris-HCl, 100 mM NaCl, 10 mM MgCl2 pH
7.5 in 100 % D2O and in the presence of 50 mM
ADP. Likewise, we transferred the assignment of
the two Ile methyl groups from PAN74–150. The
15
assignments of the Met-e methyl groups of PAN1–

89 and PAN74–150, as well as the assignments of
the Ile-d1 methyl groups of PAN1–89 were obtained
by point-mutations. All spectra of FL PAN were
recorded at 60 �C on the 850-MHz spectrometer.
Backbone dynamics of PAN1–89

Backbone dynamics of the homodimeric PAN1–89

were measured with a set of 15N heteronuclear
NOE, 15N-R1 and 15N-R1q relaxation experiments
on uniformly 15N-labeled protein (buffer: 20 mM
MES, 100 mM NaCl, 10 mM MgCl2, 0.1% NaN3,
10% D2O, pH 6.5).65–66 To measure R1, twelve lon-
gitudinal recovery delays were chosen in the range
20–1600 ms. To obtain reliable data for both the
broad and the sharp 15N-1H peaks,R1q experiments
were recorded at two 15N-spin-lock-strengths
(1.25 kHz and 2.5 kHz), using maximum relaxation
delays of 200 and 100 ms, respectively. Pseudo-3D
spectra were processed with NMRPipe and integra-
tion of peaks was carried out with the line-shape fit-
ting program FuDA (D.F. Hansen, https://www.ucl.
ac.uk/hansen-lab/fuda/). Initial estimates of the
peak positions and linewidths were obtained using
CcpNMR Analysis and used as starting values for
the FuDA fitting procedure. Data analysis, including
the fitting of peak-volumes to obtain R1 and R1q

relaxation rates and the calculation of intensity-
ratios for the heteronuclear NOE, was carried out
using in-house scripts.
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