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ABSTRACT Disaggregation and microtubule-severing nanomachines from the AAA+ (ATPases associated with various
cellular activities) superfamily assemble into ring-shaped hexamers that enable protein remodeling by coupling large-scale
conformational changes with application of mechanical forces within a central pore by loops protruding within the pore. We
probed the asymmetric pore motions and intraring interactions that support them by performing extensive molecular dynamics
simulations of single-ring severing proteins and the double-ring disaggregase ClpB. Simulations reveal that dynamic stability of
hexameric pores of severing proteins and of the nucleotide-binding domain 1 (NBD1) ring of ClpB, which belong to the same
clade, involves a network of salt bridges that connect conserved motifs of central pore loops. Clustering analysis of ClpB high-
lights correlated motions of domains of neighboring protomers supporting strong interprotomer collaboration. Severing proteins
have weaker interprotomer coupling and stronger intraprotomer stabilization through salt bridges involving pore loops. Distinct
mechanisms are identified in the NBD2 ring of ClpB involving weaker interprotomer coupling through salt bridges formed by non-
canonical loops and stronger intraprotomer coupling. Analysis of collective motions of PL1 loops indicates that the largest ampli-
tude motions in the spiral complex of spastin and ClpB involve axial excursions of the loops, whereas for katanin they involve
opening and closing of the central pore. All three motors execute primarily axial excursions in the ring complex. These results
suggest distinct substrate processing mechanisms of remodeling and translocation by ClpB and spastin compared to katanin,
thus providing dynamic support for the differential action of the two severing proteins. Relaxation dynamics of the distance be-
tween the PL1 loops and the center of mass of protomers reveals observation-time-dependent dynamics, leading to predicted
relaxation times of tens to hundreds of microseconds on millisecond experimental timescales. For ClpB, the predicted relaxation
time is in excellent agreement with the extracted time from smFRET experiments.

SIGNIFICANCE Cellular homeostasis requires intricate protein remodeling mechanisms, including disaggregation and
microtubule severing. AAA+ machines mediate these actions by coupling cyclical conformational changes of their
asymmetric pore structures with repetitive application of mechanical forces onto substrate proteins. Our computational
studies reveal that requisite dynamic pore stability and flexibility involve a complex interplay between networks of inter- and
intraprotomer interactions. The similarity of interprotomer salt bridge networks of severing proteins and the evolutionarily
related nucleotide-binding domain 1 ring of the ClpB disaggregase reveals common pore stabilization mechanisms,
whereas more specific intraprotein interactions highlight their distinct flexibility requirements. Divergent types of collective
motions found in katanin compared to spastin and ClpB indicate functional specialization of the machines.

INTRODUCTION

AAA+ (ATPases associated with diverse cellular activities)
nanomachines couple chemical energy and mechanical ac-

tion to assist a broad range of essential cellular mechanisms,
including protein quality control such as protein degradation
and disaggregation, membrane fusion, DNA replication,
microtubule disassembly, and cargo transport along micro-
tubules (1-3). Members of the AAA+ class involved in pro-
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tein remodeling, such as caseinolytic proteases (Clp) and
eukaryotic heat shock proteins Hsp100, and in microtubule
severing, such as spastin, katanin, and fidgetin, assemble
into hexameric rings that encompass a narrow pore. The
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hallmark action of these nanomachines is the application of
mechanical force onto substrate proteins (SPs) to promote
their unfolding or disassembly. This action is mediated by
central channel loops of each nucleotide-binding domain
(NBD), which transiently grip and release the substrate in
repetitive ATP-driven allosteric cycles (4). Class 1 proteins
such as ClpA, ClpB/Hsp104, and ClpC have two NBDs per
protomer that give rise to double-ring structures, whereas
class 2 proteins, such as ClpX and microtubule-severing
proteins, have a single NBD per protomer and form sin-
gle-ring structures (5,6). From an evolutionary perspective,
the NBD rings of class 1 proteins belong to distinct sub-
groups of the AAA+ superfamily; the NBDI ring is part
of clade 3 along with severing proteins, and the NBD2
ring is part of clade 5 along with ClpX. The NBD consists
of the highly conserved Walker-A (WA), Walker-B (WB),
and Arg-finger motifs and central pore loops.

Intriguingly, a large number of recent structural studies
have revealed nonplanar arrangements of protomers in the
hexameric structures of these machines resulting in
“spiral” or “ring” conformations (Fig. 1) (7-31). Protomers
on each side of the oligomeric seam are found in distinct
nucleotide states in the ring conformation and display large
conformational differences between the two configurations;
therefore, they are attributed active roles in promoting the
mechanical action, whereas the other protomers are pro-

FIGURE 1

posed to support hexamer stability and substrate gripping.
Functionally, conformational asymmetry of Clp ATPases
is proposed to underlie either sequential (16,30-32) or prob-
abilistic (28,33-39) substrate gripping and translocation
mechanisms, mediated by the central channel loops. By
contrast, the functional role of conformational asymmetry
in severing mechanisms is less clear. In addition, dynamic
dissociation of the hexamer is proposed to act as a mecha-
nism for releasing substrates targeted for degradation that
are trapped into configurations that require excessively
long processing times (40,41) or for disengaging severing
proteins from microtubules (39). Currently, it is not well un-
derstood how these structural and functional aspects are
enabled by hexamer dynamics and interprotomer interac-
tions. The variety of proposed mechanisms, formulated on
the basis of the solved cryo-electron microscopy (cryo-
EM) structures and biophysical and biochemical studies,
calls for an understanding of the basis of the structural flex-
ibility and of the dynamics of the various hexameric forms
of disaggregases or severing enzymes. Moreover, in light
of the proposed instability of the hexamers upon ATP hydro-
lysis and/or disengagement from the substrate peptide, it is
important to probe the sources of structural stability of the
pore in these oligomers.

Microtubule-severing enzymes such as katanin and spas-
tin influence various aspects of cellular dynamics such as
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Structural details of the hexamer of severing proteins and ClpB disaggregase. Katanin spiral conformation (PDB: 6UGD): (a) hexamer (fop

view); (b) PL1 loops. Relaxation time analysis focuses on the distance between each R267 residue (small beads) of PL1 loops and the COM of the corre-
sponding protomer (large beads, blue); (c) transparent surface highlighting the HBD (red) and NBD (blue) domains in a protomer; (d) side view of spiral
arrangement of PL1 (blue), PL2 (red), and PL3 (green) loops and the bound substrate (E14) in the central pore (in orange surface). ClpB spiral conformation
(PDB: 60AY): (e) hexamer (top view); (f) PL1 loops. Distance between each R252 residue (small beads) of PL1 loops and the COM of each protomer (large
beads, blue); (g) transparent surface highlighting the NBD1 (blue) and NBD2 (red) domains in a protomer; (k) side view of spiral arrangement of PL1 (blue)
and PL3 (green) loops and the bound substrate (polyA) in the central pore (in orange surface). All molecular structures shown in this work were created using

Visual Molecular Dynamics (51). To see this figure in color, go online.
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meiosis, mitosis, ciliogenesis, and neuronal morphogenesis
through their action on microtubules (42). Moreover, muta-
tions in these enzymes are associated with neurological dis-
orders. Microtubules are the longest and most rigid elements
of the cytoskeleton and are composed of polymeric assem-
blies of «- and B-tubulin dimers linked by noncovalent lon-
gitudinal bonds into protofilaments that assemble laterally
to form the microtubule lattice. The textbook function of
the severing enzymes is to destabilize microtubules by bind-
ing along the lattice and inducing the fragmentation of the
filament (39,43,44). Recent experiments found that severing
enzymes can also serve as amplifiers of microtubule arrays
if the newly cut microtubules are stable and able to grow
through tubulin exchange along the lattice shaft (39,45).
The severing mechanism remains unclear, as seen in recent
coarse-grained simulations and experiments (46,47).
Severing enzymes oligomerize into hexamers in the pres-
ence of ATP and of negatively charged intrinsically disor-
dered carboxy-terminal tails of the tubulin subunits that
project from the microtubule surface, which constitute their
primary binding sites on microtubules. Interestingly, studies
revealed differences between katanin and spastin (30).
Whereas both spastin and katanin can sever microtubules,
only katanin can catalyze microtubule depolymerization
in vitro and in vivo (48). Furthermore, katanin can bind to
microtubules or tubulin dimers specifically and tightly,
and its severing activity is concentration dependent (49),
whereas spastin binds exclusively to microtubules, and the
polyglutamylation of carboxy-terminal tail side chains am-
plifies its severing activity (50). Therefore, it is important
to study both severing enzymes to understand their distinct
actions on microtubules.

The ATPase domain in severing proteins comprises a
large NBD domain and a smaller four-helix bundle domain
(HBD) (Fig. 1 ¢). The NBD forms the central pore for sub-
strate binding, and the HBD forms a semicrescent structure
covering the NBD region of the adjacent protomer. Proto-
mers B through E make canonical convex-to-concave
AAA interactions between successive protomers, i.e., the
convex face of NBD from protomer i interacts with both
the NBD and HBD from protomer i — 1, whereas the
concave face of NBD from protomer i interacts only with
NBD from protomer i + 1. The NBD in severing proteins
has three central pore loops (PL1, PL2, and PL3). HBD
has two functionally important regions: the sensor II motif
and the C-Hlx (39). The central pore loops PL1 and PL2
from all six protomers in the spiral conformation are ar-
ranged in a double-spiral structure oriented from A to F
around the polyglutamate substrate used in the cryo-EM ex-
periments (Fig. 1 d; (30)). Salt bridges formed by positions
in the pore loops have been identified, which are important
for the functions of the machine (29,30): in the katanin
spiral, the intraprotomer salt bridge R267-E308, which con-
nects pore loops PL1 and PL2; and in the spastin spiral, the
interprotomer salt bridge R600-E633, which connects pore
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loops PL2 and PL3. Mutations in these positions led to
substantial loss of ATPase activity and loss of severing func-
tion. Hexameric structures have been solved by cryo-EM for
katanin from Caenorhabditis elegans (30), spastin spiral
from Drosophila melanogaster (29), and spastin ring from
Homo sapiens (31). The alignment of the corresponding se-
quences is presented in Fig. 2 from (31).

ClpB is distinct among members of the Clp ATPase fam-
ily through its lack of association with a peptidase compart-
ment and its ability to function as a disaggregase to provide
protection against thermal stress. In collaboration with the
DnaK/Dnal/GrpE system, it rescues proteins from toxic ag-
gregates (52-55), and its engineered variant is able to pro-
mote protein degradation by threading substrates to an
associated ClpP peptidase as do ClpX or CIpA (56). In vivo,
both a full-length and an N-terminal domain truncation
variant are able to promote disaggregation (57), and remod-
eling activity can be elicited by a mixture of ATP and
ATP~S to enable disaggregation or unfolding independent
of cochaperones (58). Canonical pore loops of the two
ClpB NBD domains, PL1 and PL3, actively participate in
engaging the substrate and promoting mechanical action;
however, they are suggested to have nonoverlapping func-
tional roles. Whereas PL1 loops are involved in substrate
recognition and are proposed to collaborate in stabilizing
substrate engagement, PL3 loops operate noncooperatively
in DnaK-dependent disaggregation (59). Each canonical
pore loop contains a highly conserved Tyrosine residue
which has the major contribution in substrate gripping and
translocation. The PL1 loop within NBD1 contains the
conserved KYR motif, homologous to those present in cor-
responding loops of severing proteins, which allows the
formation of salt bridges with the neighboring protomer.
Cryo-EM experiments highlighted cross-protomer interac-
tions involving residues K250 and R252 of one protomer
and residues E254 and E256 of neighboring protomers
(25). The resulting salt bridge network is proposed to sup-
port the stability to the hexameric structure. The PL3 loop
within the NBD2 domain contains the conserved motif
GYVG, present in ClpX and ClpA loops, which clamps
around the substrate backbone and provides strong interac-
tion and grip during the substrate translocation. Noncanon-
ical pore loops, PL2 in NBD1 and PL4 in NBD2, that extend
into the central pore of the hexameric structure form an
additional spiral to provide support for interaction with
the substrate.

Computational studies revealed strong effects of the pore
conformation and dynamics on substrate remodeling. Simu-
lations using model pores indicate dramatically different
unfolding requirements of SPs near the pore entrance
compared with bulk mechanical unfolding (60-63). In addi-
tion, simulations using molecular-level representation and
details of allosteric cycles of the ATPase reveal that confor-
mational plasticity of the pore surface provides a selectivity
filter for SP orientations that favor application of
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mechanical force along weaker mechanical directions
(64-66). In accord with experimental studies, simulations
highlight kinetic effects that result from transient binding
and release of SPs through kinetic competition between
SP refolding and translocation (4,67,68).

In this work, we identified the factors underlying asym-
metric pore dynamics by probing pore-loop and hexamer
motions, as well as interprotomer interactions, in spiral and
ring configurations of the microtubule-severing proteins
spastin and katanin and the ClpB disaggregase. To this end,
we performed molecular dynamics (MD) simulations of fully
solvated systems of these nanomachines that corresponded to
the nucleotide- and substrate-bound states present in cryo-
EM experiments. To glean the effect of perturbation on
pore dynamics, we also performed simulations initiated
from these configurations after removal of the nucleotide
and/or the substrate. The combined duration of our extensive
simulations is 9.4 us. We found that, for both spastin and
ClpB in the spiral complex, the largest relative amplitude
motions of the PL1 loops correspond to axial excursions.
By contrast, the katanin spiral complex is characterized by
PL1 loop motions leading to the opening and closing of the
central pore. All three motors exhibit similar PL1 loop dy-
namics in the ring state. These findings suggest that despite
the structural similarity between the two severing proteins,
only spastin loop dynamics resembles the dynamics in
ClpB. Clustering analysis of domain motions in the NBD1
domain of ClpB highlighted interprotomer coupling that sup-
ports strong collaboration within the hexameric ring. A
different behavior was found for the severing proteins and
NBD?2, for which intraprotomer coupling dominates, and
therefore supports noncooperative models of interactions be-
tween severing protomers or NBD2 domains and the sub-
strate. We also found that dynamic pore stabilization in
severing proteins and ClpB involved networks of cross-pro-
tomer complex salt bridges formed by residues in the pore
loops. Our analysis of the relaxation dynamics of the distance
between the PL1 loops and the center of mass (COM) of each
protomer yields results indicative of the coupling between
collective and local motions and observation-time-dependent
dynamics. Based on these results, we predict relaxation times
on the order of 10-100 us on the 1 ms timescale of single-
molecule fluorescence resonance energy transfer (SmFRET)
experiments (69). Comparison of the predicted relaxation
times of ClpB with the corresponding time extracted from
smFRET experiments that probed conformational dynamics
of ClpB pore loops (70) reveals excellent agreement between
the two values.

MATERIALS AND METHODS
Initial configuration

We used Protein Data Bank (PDB) (71) structures, obtained using three-
dimensional cryo-EM, of katanin and spastin in two different conforma-
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tions, spiral and ring, solved in the presence of minimal substrates and
nucleotides (Table S1; (29-31)). Initial conformations of ClpB were
obtained from the PDB structures 60AX (ring) and 60AY (spiral), which
were solved using cryo-EM, in the presence of minimal substrate and nucle-
otides (Table S2; (25)).

We considered the following configurations of ClpB and severing en-
zymes: 1) substrate-free and nucleotide-free ATPase, termed APO; 2) sub-
strate-bound (polyE in 6UGD, 6UGE, and 6P07; poly(EY) peptide in
6PEN; and polyA in 60AX and 60AY) and nucleotide-free ATPase, termed
El4, E12, E15, or (EY)S5 for severing proteins and ALA for ClpB; 3) sub-
strate-free ATPase and nucleotide-bound to all protomers according to the
cryo-EM structure, with ATP in all six protomers from the spiral states and
in five of the six protomers (exception is protomer A from 6UGE) in severing
proteins termed ATP and ADP in five of the six protomers (exception is pro-
tomer F from spastin ring 6PEN) termed ADP, and ATP (ATPyS) and ADP in
60AX and 60AY for ClpB termed ATP; and 4) substrate-bound and nucleo-
tide-bound ATPase, termed ATP + E14 (E12, E15, and (EY)S5) for severing
proteins and ALA + ATP for ClpB. Details regarding the preparation of the
configurations are provided in the Supporting materials and methods.

MD simulations

To ensure adequate statistical sampling of hexameric conformations, we
performed multiple independent all-atom MD simulations using the
GROMACS (72) molecular modeling program version 2019 and the
GROMOS96 54a7 force field (73). Five or six production trajectories of
50-200 ns were obtained for each of the above configurations (Tables S3
and S4). Details of the simulation procedures and parameters used are in
the Supporting materials and methods.

Data analysis
Root mean-square distance and RMSF

The root mean-square distance was used to assess the convergence of the
trajectories, as detailed in Fig. S1. To separate the individual contribution
of each amino acid to the protein motions, we calculated the root mean-
square fluctuation (RMSF) of Ca atoms of each residue averaged over all
the MD trajectories of a given setup, sampled equally, as detailed in the
Supporting materials and methods.

Dynamic cross-correlation analysis

To discern correlated motions of regions in the hexameric structures during
our MD simulations, we employed the correlation network analysis imple-
mented in the Bio3D package (74). This approach uses the dynamic cross-
correlation map (DCCM), representing the normalized covariance matrix,
that quantifies directional coupling of residue pairs according to

DCCM ;) = (Ar,-z(t). Ar;(t)), O
(I Ar(0) DA Ax(0)]1P))

where r;(f) and r;(?) are the position vectors of C,, atoms of residues i and j,
(), is the time ensemble average, and Ar;(t)= r;(¢) —(r;(¢)), and
Ar;(t) = 1;(t) — {rj(t)),. As described in the Supporting materials and
methods and shown in Fig. S2, convergence of the DCCM matrix was as-
sessed by evaluating R(f) = (1/N)Z(,.J)(DCCM(,-V Ht) — DCCM;, j(t —
7))%, where N is the number of residue pairs and 7 = 5 ns (75).

Motions obtained from DCCMs are highly interconnected at
residue level, and thus, further analysis is needed to determine which
regions of a hexamer work together in each state. To this end, DCCMs
are used to build cross-correlation networks that highlight inter-residue
connectivity. The resulting residue network is then converted into a
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coarse-grained community network using the Girvan-Newman clustering
method (74,76).

Principal component analysis and free energy landscape

To extract information about the conformational dynamics of the hexamers,
we employed the principal component analysis (PCA) run on the concate-
nated trajectories of each setup. The calculation of the principal compo-
nents (PCs) was based on the diagonalization of the covariance matrix,
using GROMACS analysis tools g_covar and g_anaeig (77). This matrix
was calculated using the C, fluctuations for each amino acid of the hex-
amer. In view of the functional importance of PL1 loops, we also performed
PCA calculations using the covariance matrix restricted to the C, fluctua-
tions of PL1 residues in the six protomers. Guided by smFRET experiments
(70), these calculations involved an extended PL1 loop region that included
five residues added at each end. Thus, the extended PL1 region comprised
residues 258-273 for katanin spiral and ring (6UGD and 6UGE), residues
550-567 for spastin spiral (6P07) and 405-422 for spastin ring (6PEN),
and residues 247-258 for ClpB ring (60AY) and spiral (60AX).

Comparison between essential subspaces corresponding to APO and
ATP + SP configurations of each nanomachine was done using the root
mean-square inner product (RMSIP) (78)

J 1/2

RMSIP = } > (n;‘-vf) , ()

ij=1

where the eigenvectors of the two subspaces, A and B, are 7! ,VJB. As the top
10 eigenvalues in each configuration account for over 80% of the variance,
we set J = 10.

We used the PCAs of the hexamer and of the PL1 loops, respectively, to
obtain the free energy landscape associated with conformations sampled
dynamically in the top two PCs in each setup. To this end, motions of the
C, atoms were projected onto the first two PCs to yield the probability dis-
tribution P(PC1, PC2) of the molecular system along these PCs. Next, the
free energy landscape was calculated in the (PC1, PC2) space by using

AG(})c](pcz) = — kBT In P(PCl,PC2), (3)

where kg and T are the Boltzmann constant and absolute temperature,
respectively. To facilitate the visualization of PL1 loop motions correspond-
ing to the first two PCs, we translated back these projections into Cartesian
space.

Salt bridge analysis

Salt bridges were determined as close-range electrostatic interactions be-
tween a positively charged (Arg or Lys) and a negatively charged residue
(Asp or Glu). The Visual Molecular Dynamics (51) program was used to
identify salt bridges with the criterion of a maximal distance R. = 4 A be-
tween at least one atom pair formed by an oxygen atom in the acidic residue
and a nitrogen atom in the basic residue (79-81). We note that similar salt
bridge dynamics and stability was reported when employing the N-O dis-
tance cutoff of 4 A or the more stringent value of 3.2 A (82). Larger cutoff
values, such as 5 A, have also been considered (83). Our focus is on salt
bridges formed by amino acids located on the pore loops of the hexamer.
Given the weak stability of surface-exposed salt bridges, with free energies
between —0.3 and —0.5 kcal/mol (84-86) and lifetimes ranging from 25 ps
to >1 ns (87), we selected for analysis salt bridges that are present, on
average, for at least 1 ns in the ensemble of simulation trajectories corre-
sponding to a given configuration. Observation of weak salt bridges over
nanosecond timescales was shown to provide an important bias that favors
native-like conformations of amyloids (88) and protein folding (89). To this
end, we obtained the ensemble average of the observation time of the salt
bridge formed by residues i and j of a given protomer, K = L = 1,6 (for
intraprotomer salt bridges), or pair of protomers, K and L (for interprotomer
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salt bridges), {tsa)y e = (1/mg) 0"y [ HIRe — dj) (1)]dr, where H(x)

g =1
is the Heaviside step function and d,(,"}(’/L) (¢) is the instantaneous minimal in-
ter-residue N-O distance in trajectory i,,;. Next, for each salt bridge with
(tsg),-j,,(L % 1 ns and found in at least three protomers, we determined the
average observation time over all the individual protomers or pairs of pro-
tomers in which it is identified (Tables S5 and S6). To ensure adequate sta-
tistical sampling of salt bridge dynamics, we performed the analysis using
the 50 ns trajectories of each configuration.

Relaxation times

We determined the time dependence of structural fluctuations in our hexam-
ers by calculating for each protomer the characteristic relaxation time of the
distance between its PL1 loop and its COM. Namely, we extracted the auto-
correlation function (ACF) of the distance between the central highly
conserved PL1 residue (R267 in katanin, Y556 in spastin spiral, Y415 in
spastin ring and R252 in ClpB) from each chain and the COM of the respec-
tive protomer using the GROMACS tool “analyze.” To make sure that we
are only evaluating the internal fluctuations of the protein, before the calcu-
lation of the ACF, we removed rigid-body translation and molecular rota-
tions using the “analyze” subroutine. The time decay of the ACF is
complex and nonexponential; for short time intervals (picoseconds), we
fitted it with a stretched exponential, using the Kohlrausch-Williams-Watts
function (90). To model the full decay of the ACF relaxation over tens of
nanoseconds, we used the combination between a single-exponential and
the stretched-exponential model proposed in the literature (90,91) given by

C(r = aexp[— (I/Tf)ﬂ} +(1—a)exp[—(t/75)], @

where C(¢) is the relaxation function; ¢ is the time; 7, and 7, are the
corresponding characteristic timescales from the fast and the slow pro-
cesses, respectively; and § is the dimensionless stretching exponent. For
0 < 8 < 1, the stretched exponential is the superposition of various time-
scale processes that contribute to the relaxation phenomena, each of which
can be described by a single-exponential decay. The positive amplitude,
0 < a < 1, accounts for the relative contributions of processes at short
and long timescales.

The characteristic relaxation time of the ACF, 7%, is the mean relaxation
time of the total decay (90), which, based on Eq. 4, is given by

= /Ow C(t)dt = oz;fl"<;) +(1-a)1, )

where we use the gamma function, I'(1/8) (92). We applied this fitting
methodology to the ACF calculated from all simulation times (trajectory
lengths): t = 5, 25, 50, and 200 ns. For each trajectory length we used
the function from (Eq. 4) only in the time region in which ACF % 0. Using
Eq. 5, we calculated the respective characteristic relaxation time, 7%, for
each protomer in each trajectory length and each simulation setup. For an
individual protomer, we selected the characteristic 7#-value such that it cor-
responds to the time at which the distribution of the x*-values versus time
for the fitting according to Eq. 4 has an elbow followed by a sharp increase
in value.

RESULTS AND DISCUSSION
Conformational dynamics of the central pore

Because the central pore represents the active site for the
application of mechanical force onto the substrate protein,
its conformational dynamics controls the efficacy of the me-
chanical action. We focus on the two primary factors that
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contribute to pore dynamics, namely fluctuations of central
channel loops and the relative protomer motions. Fluctua-
tions of individual central channel loops directly impact
substrate gripping and the strength of the mechanical force
applied, and collective motions of loops dynamically con-
trol the pore width. Protomer motions determine ring plas-
ticity; therefore, these motions modulate the pore
configuration and the interactions of the pore loops with
the substrate. Quantitatively, we characterized the motions
of individual loops by analyzing residue-level RMSFs and
the collective loop motions by using PCA of conformational
dynamics of the pore-loop regions (see Materials and
methods). Relative protomer motions were similarly re-
vealed by PCA, this time applied to the conformational dy-
namics of the entire ring. We note that PCA has been used
very effectively to study diverse oligomeric biomolecular
systems (93-95).

RMSF values for the various setups show differences in
the backbone atomic fluctuations between the states of kata-
nin and spastin (Fig. S3). We found that the protomers have
the smallest fluctuations in the full complex state (with
nucleotide and substrate) and the largest in the APO setup.
Interestingly, the pore loops (PL1, PL2, and PL3) are among
the least flexible regions in a protomer, with RMSF < 2.5 A
in nucleotide- and/or substrate-bound configurations, which
is likely an indication that the conformation of these loops
needs to be maintained over time to engage the substrate.
The only exception is for PL1 in the protomer that lacks
the nucleotide (ATP or ADP, respectively) in the ring states
(Fig. S3, a and c), in which RMSF values reach 5 A. These
findings suggest that the binding of the nucleotide (ATP or
ADP) in a protomer is required for the stability of PLI.
By contrast, we found very high RMSF values for the sensor
II motif (39) from the HBD of protomer F in the spiral struc-
tures: 11 A in katanin and 8 A in spastin, compared to 5 A
for the next highest RMSF. In general, the HBD region in
protomers has the largest RMSF values, irrespective of the
conformation, which can be assigned in part to its exposure
to the solvent. These high levels of fluctuations recall the
recent finding that upon transition from an ADP-bound
pseudohexameric state to a monomeric form, the HBD in
katanin exhibits refolding rearrangements in which sensor
II elements are reorganized (39). Further details are pro-
vided in the Supporting materials and methods in the
RMSF Analysis section.

RMSF analysis of spiral and ring structures of ClpB indi-
cates a strong contrast between stabilized nucleotide- and
substrate-bound and highly dynamic APO configurations
(Fig. S4). As discussed in more detail in the Supporting ma-
terials and methods, residues of seam protomers F and A
have the largest RMSF, >2.5 A, in both ring and spiral
states, reflecting the weak structural connectivity of these
protomers to the ClpB hexamer and the role attributed to
seam protomers in transiently engaging and releasing the
substrate during the active step of the allosteric cycle.
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Consistent with these observations, direct involvement in
substrate translocation of pore-loop regions, PL1 (residues
247-258) and PL2 (residues 284-295) of NBDI1 and PL3
(residues 647-660) and PL4 (residues 636-646) of NBD2,
of seam protomers is highlighted by their larger conforma-
tional fluctuations than those of corresponding PLs of non-
seam protomers. We also found that loop regions outside the
seam have significantly lower RMSF values in the spiral
state compared with the ring state, which indicates that
strong gripping of the substrate by non—seam protomers is
needed to assist substrate translocation. Notably, most
ClpB residues have RMSF values < 2.5 A, which are gener-
ally significantly lower than those of katanin and spastin.
Weaker ClpB flexibility can be attributed to its double-
ring architecture, which results in stabilizing hexameric in-
teractions and in dampening of conformational fluctuations
compared with single-ring katanin and spastin structures.
Overall, we surmise that the double-ring structure is charac-
terized by strong hexameric stability, especially associated
with the nonseam protomers that support substrate gripping,
and its larger conformational flexibility is associated primar-
ily with the seam protomers that perform the translocation
function.

Next, we focused on the collective motions of pore loops
described by the PCA. Specifically, for spastin and katanin,
we analyzed the types of motions executed by PL1 loops
along the top two PCs, which together account for >50%
of the variance. We found that for the katanin spiral
(6UGD) in both the complex and APO states, the main mo-
tions, i.e., along PC1, involve the opening and closing of
the pore (Fig. 2, a and c), whereas the motions along
PC2 corresponds to axial excursions (Fig. 2, b and d).
For the katanin ring (6UGE) full complex, axial excursions
of PL1 loops have the largest relative amplitude, followed
by motions leading to the opening and closing of the gap
between protomers A and B. The removal of both the
nucleotide (ATP) and the substrate (E14) swaps the order
of the motions seen for the complex. More broadly, com-
parison between the set of principal motions in the pres-
ence or absence of nucleotide and substrate can be made
by considering the top 10 eigenvectors that form the essen-
tial subspaces of each of the two configurations, which in
our simulations account for >80% of variance. Quantita-
tively, the RMSIP of essential subspaces provides the mea-
sure of similarity between PCs of complex and APO
configurations (see Materials and methods; (78)). The
RMSIP analysis for katanin showed a strong overlap of
the two subspaces in the ring case (RMSIP = 0.73) indi-
cating similar motions. In the spiral state, we found a mod-
erate overlap (RMSIP = 0.57), revealing less similar
motions.

We found that the spastin spiral (6P07) complex (Fig. 2 g)
is characterized primarily by axial excursions in the PL1
loops from the end protomers (A and F) and their nearest
neighbors (from protomers B and E). Importantly, these
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results show that spastin and katanin in the full spiral com-
plex case have different PL1 loop dynamics, as the katanin
spiral is characterized by opening and closing of the central
pore motions of the PL1 loops. Upon the removal of both the
nucleotide (ATP) and the substrate (E15), motions of PL1
loops resulting in the opening and closing of the central
pore have the largest relative amplitude (Fig. 2 e). For the
spastin ring (6PEN), in both the full complex and APO
states (Fig. S5, e—h), PCI1 corresponds to axial excursions
executed by the loops, whereas PC2 corresponds to motions
leading to the closing and opening of the gap between pro-
tomers F and A. Thus, unlike the spiral case, spastin and ka-
tanin in the full complex have similar PL1 loop dynamics. In
both the spiral and ring states of spastin, there is a strong

6UGD:ATP+E14:PC2

6P07:ATP+E15:PC2

Asymmetric dynamics of AAA+ machines

FIGURE 2 Principal collective motions of pore
loops of severing proteins and ClpB. Motions cor-
responding to principal components PC1 and PC2
are shown for the spiral state of (a—d) katanin
(6UGD) in (a and b) the nucleotide- and sub-
strate-free (APO) configuration and (¢ and d) the
nucleotide- and substrate-bound (ATP + E14)
configuration; (e—h) spastin (6PO7) in (e and f)
the nucleotide- and substrate-free (APO) configura-
tion and (g and %) the nucleotide- and substrate-
bound (ATP + E15) configuration; and (i—/) ClpB
ﬁﬁ';&’ (60AY) in (i and j) the nucleotide- and substrate-

W) free (APO) configuration and (k and [) the

nucleotide- and substrate-bound (ATP + ALA)
configuration. Pore loops of individual protomers
are color coded, following the convention from
Fig. 1, and arrows indicate directions and relative
amplitudes of amino acid motions. The pore axis
is oriented parallel to the z axis. Fig. S5 displays
corresponding motions for ring states. To see this
figure in color, go online.
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overlap of the two subspaces corresponding to the complex
and APO configurations (RMSIP = 0.67), indicating similar
motions.

To uncover the effect of protomer motions on pore dy-
namics, we also carried out PCA of the hexamer conforma-
tions. As in the case of the PL1 analysis, the first two
principal components account for ~50% of the variance.
For katanin spiral and ring, the main motions of the proto-
mers along PC1 (Fig. S6, q, ¢, e, and g) are torsional, leading
to pore opening and closing, whereas for PC2 (Fig. S6, b, d,
f, and h), they are swing-like, resulting in axial excursions of
the pore loops. Quantitative comparison of the principal
components of motions in the presence or absence of nucle-
otide and substrate showed that in both the spiral and the
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ring states, there is a moderate overlap (RMSIP = (.58 and
0.52, respectively), which is indicative of weaker similar-
ities in motions.

For spastin in both the spiral and ring complex, the mo-
tions along PC1 (Fig. S6, i, k, m, and o) are swing-like for
the end protomers (A, B and E, F), resulting in axial fluctu-
ations of the pore loops. The PC2 motions of the protomers
are torsional and lead to the opening and closing of the cen-
tral pore and the spiral at the interface between chains A and
F (Fig. S6, j and ) and of the pore and the ring between
chain F and chains A and E (Fig. S6, n and p). The removal
of the nucleotide and the substrate from the structure results
in the opening and closing motion having the largest relative
amplitude motion (Fig. S6, i, j, m, and n). We note that this
is similar to the behavior seen above for the PCA of PL1
loops in the spastin spiral, but not in the spastin ring. The
quantitative comparison of the principal components of mo-
tions in the presence or absence of nucleotide and substrate
shows that in both the ring and the spiral states, there is
moderate overlap of the two subspaces (RMSIP = 0.60).

For ClpB, analysis of collective motions of PL1 loops
described by the top two PCs, which together account
for >50% variance in the complex and APO configurations
of the spiral (60AY) and ring (60OAX) states, consistently
indicates that PC1 motions involve axial excursions of the
loops, whereas PC2 motions involve opening and closing
of the central pore (Figs. 2, il and S5, i-l). Conservation
of these motions between the two states, as well as upon
removal of the nucleotide and substrate, highlights the
strong functional importance of PL1 loop motions in pro-
moting substrate translocation. Notably, in the ring state,
we found strong overall similarity of the set of motions cor-
responding to the top 10 PCs that make up the essential dy-
namics subspaces of complex and APO configurations.
Quantitatively, this similarity is reflected in the large overlap
of the two subspaces, RMSIP = 0.69. By contrast, in the
spiral state, the similarity of such motions is less strong,
as shown by the moderate overlap between the two sub-
spaces, RMSIP = 0.53.

Principal hexamer motions of ClpB in the complex
configuration revealed by the top two PCs are responsible
for 47% of variance in the spiral state and 40% in the ring
state, which indicates that multiple motions are important.
In the spiral state, PC1 corresponds to torsional motions
that underlie pore opening and closing and PC2 to swing-
like motions that underlie axial fluctuations of pore loops.
By contrast, in the ring state, PC1 corresponds to axial mo-
tions and PC2 corresponds to torsional motions. We found
that both PC1 and PC2 involve out-of-phase motions of
the NBD1 and NBD2, which suggests that pore loops of
the two domains have distinct roles in the interaction
with the substrate. In the APO configuration, in the spiral
state, motions corresponding to PC1 and PC2 are swing-
like and torsional, respectively, therefore reversing the rela-
tive contribution of such motions relative to the complex
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configuration (Fig. S6, u—x). In the ring state, PC1 and
PC2 of the APO configuration emphasize torsional motions
that are distinct from the ones in the complex (Fig. S6, g—f).
Consistent with these observations, quantitatively, the over-
lap of the essential subspaces corresponding to the complex
and APO configurations indicates weak similarity in the ring
and spiral states, with RMSIP = 0.43 and 0.23, respectively.
Taken together, these results reveal that protomer motions
required for function are strongly dependent on the presence
of nucleotide and substrate.

The free energy landscape plots in the (PC1, PC2) space
(see Materials and methods), shown in Fig. S7, highlight
distinctive local basins corresponding to the most populated
conformations sampled along the principal hexameric mo-
tions described above. Details are provided in the Support-
ing materials and methods.

Divergent intraring cooperativity of protomers in
severing proteins and of NBD domains of CipB

To glean the intra- and interprotomer coupling that underlies
the hexamer motions described above, we calculated the
simplified community networks for the setups probed in
severing proteins and in the ClpB disaggregase (see Mate-
rials and methods). Strikingly, as shown in Fig. S8, a com-
mon theme for severing proteins is that clusters from the
various setups are usually intra- rather than interprotomer.
For example, in the ring state of spastin (Fig. S8 (6PEN)),
the only one solved in the presence of ADP, there are no in-
terprotomer clusters in either of the four setups probed in
our simulations. In addition, the full (ATP and substrate pep-
tide) spiral and ring states of both katanin and spastin are
characterized by the formation of intraprotomer clusters
only. The absence of interprotomer clusters signals the
lack of cooperativity between protomers during severing.
However, there are notable exceptions in which we found
signatures of cooperative action between protomers. In the
spiral state of both katanin and spastin, the presence of
ATP alone results in the formation of the largest multiproto-
mer cluster (>400 residues) among all the spiral setups
(Fig. S8 (6UGD and 6P07)). The cluster covers significant
portions from the two terminal protomers, A and F: their
HBD regions, the ATP-binding sites in their N-terminal
part, the WA regions and the PL3 loops, and the NBD region
in protomer B (Fig. 3 a). This is an example in which the
convex-to-concave interactions between protomers i and
i — 1 seen in the cryo-EM structure (30) result in coupling
between protomers A and B. Furthermore, the absence of
such clusters in the full complex spiral state suggests that
the binding of the substrate to the central pore loops disrupts
the coupling between adjacent protomers. Moreover, the
formation of this cluster indicates that the close cooperation
between the terminal protomers and the NBD region of the
second protomer is a signature of the spiral state of severing
proteins with only ATP bound. Our results also show that
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when only ATP is bound to the katanin spiral, the main re-
gions that cluster together are the ATP-binding sites of the
protomers; the ATP-binding regions from the end protomers
(A, B, and F) cluster together, whereas the ATP-binding re-
gions from the middle three protomers each form an inde-
pendent cluster. In contrast, in the absence of both ATP
and the minimal substrate (E14), the main regions that clus-
ter together in a protomer are those responsible for katanin’s
hexamerization: the fishhook positions and the C-terminal
region (the all-«12 linker, a12, and the C-terminal end,
i.e., positions 449—-472, called the C-HIx (39)).

Another example of cooperativity between protomers is
in the spastin spiral state with only the E15 bound, in which
we found many large interprotomer clusters (Fig. S8
(6P07)). First, that the PL1 loops from four protomers (C,
D, E, and F) all form one cluster (120 positions), which in-
cludes also the PL2 loops from protomers D and E. Second,
that the HBD region in protomer A and the NBD in proto-
mer B cluster together (209 residues), which is an additional
example of the convex-to-concave interactions leading to
the coupling of neighboring protomers. Thus, for the spastin
spiral, this coupling between protomers A and B is found
either in the presence of ATP or in the presence of the sub-
strate, but not both. We propose that this indicates that the
interaction between individual protomers and the substrate
in the presence of ATP is favored over the coupling between
successive protomers. This is completely different from the
behavior of the katanin spiral with E14, in which all the
clusters are intraprotomer. Thus, a strong intercommunica-
tion between PL1 loops in adjoining protomers is a charac-
teristic of the spastin spiral in the presence of a minimal
substrate peptide.

A third example is in the APO state of the spastin spiral
(Fig. S8 (6P07)), in which we found a large interprotomer
cluster (352 residues) that spans the HBD in protomer A,
the NBD and the C-terminal end of the HBD in protomer
B, and parts of protomer F (the NBD region, excluding
the three pore loops PL1, PL2, and PL3, and most of its
HBD region). The formation of this cluster is unique to spas-
tin. The common findings for the spastin and katanin spiral

Asymmetric dynamics of AAA+ machines

FIGURE 3 Interprotomer cluster patterns of
severing proteins and ClpB. (a) Katanin spiral
ATP state: coupling between HBD domains of
seam protomers, A and F, and the NBD domain
of protomer B. (b) ClpB spiral ALA + ATP state:
coupling between large (L) and small (S) domains

{ of NBD1 domains of neighboring protomers in the
counterclockwise direction. Protomers are color
coded, and clusters are highlighted using a trans-
parent surface (red). To see this figure in color,
go online.

in the APO state are 1) five protomers are divided into clus-
ters that correspond primarily to their two structural do-
mains; 2) whereas the HBD is always found in one
cluster, the NBD is split into smaller clusters in all proto-
mers; and 3) the C-HIx (39) clusters together with positions
from the NBD in the majority of the protomers (A, B, C, and
D). Regarding HBD and ATPase, McNally and Roll-Mecak
(39) proposed that HBD undergoes structural changes (un-
folding or refolding) as a result of ATP hydrolysis. Our re-
sults support this view and provide molecular details of
the changes. The RMSF analysis showed that the HBD is
the region with the largest fluctuations in all protomers
(reaching values that are two to three times larger than for
any other structural element, up to ~11 A). This finding,
combined with the fact that the C-terminal end of the
HBD is clustered together with the ATP-binding regions
of a protomer, shows that ATP hydrolysis is likely associ-
ated with large structural changes (~1 nm) in the HBD re-
gion of the spiral state of severing proteins.

Finally, in the ring state of katanin with only ATP bound
to all the protomers with the exception of protomer A, we
found a large interprotomer cluster (242 residues) corre-
sponding to the HBD region in protomer B and most of
the NBD from protomer C. The rest of the protomers sepa-
rate in two clusters according to their two domains, NBD
and HBD. Importantly, this time, unlike in the spiral ATP
case, we no longer saw correlations between the nucleo-
tide-binding regions and the HBD in the five protomers
with ATP bound. Because of the importance of ATP hydro-
lysis to the conformational change in the HBD discussed
above, the loss of such strong correlations might explain
why, in the RMSF plots discussed above, the fluctuations
seen in the C-terminal end of the HBD are reduced dramat-
ically in the ring versus the spiral state.

As shown in Fig. S9, in each ring and spiral configuration,
the calculated simplified community networks of ClpB
highlights four distinct regions of protomers, which can be
mapped onto the large (L) and small (S) structural domains
of the two NBDs, namely NBDI1-L (residues 161-340),
NBDI1-S (residues 341-408), NBD2-L (residues 555-765),
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and NBD2-S (residues 766—853) (96). The major aspect re-
vealed by clustering patterns of ClpB is coupling of the L
and S domains within the same NBD of neighboring proto-
mers in the counterclockwise direction (Fig. 3 b). Allosteric
networks resulting from coupling within each NBD hex-
amer underscore the coordinated action of ClpB protomers
in their interaction with the substrate. Nevertheless, asym-
metric behavior is identified in the two NBD rings, with sub-
strate-independent interprotomer coupling of NBD1 regions
and substrate-induced coupling of NBD2 regions. As shown
in Fig. S9, in the spiral configuration, interprotomer
coupling of NBD2 regions is reduced upon removal of the
substrate, corresponding to APO and ATP-bound configura-
tions, which supports substrate-induced coordination within
this domain, whereas persistent interprotomer coupling is
present within NBDI in substrate-bound as well as sub-
strate-free configurations. In addition, in the functional
ATP- and substrate-bound configuration, multiprotomer
clusters formed by PL3 loops of nonseam protomers provide
support for the ClpB interaction with the substrate. Consis-
tent with these observations, reduced substrate affinity of
ring structures is found in substrate-bound configurations
as shown by persistent interprotomer coupling in NBD1
and weaker coupling in NBD2. In these configurations, in-
terprotomer clusters in NBD2 are replaced by large (~300
residue) intraprotomer clusters comprising both L and S re-
gions, and substrate grip is maintained only through the
multiprotomer cluster comprising PL3 loops of ATP-bound
protomers. These observations are consistent with the func-
tional role of the NBD2 domains in the translocase action as
well as with multiprotomer interactions with the substrate in
ClpB structures highlighted by Rizo et al. (25) and in ClpX
structures determined by Fei et al. (28). As noted above,
such interprotomer coupling is not universally observed in
single-ring hexameric structures of severing proteins; there-
fore, we surmise that it provides specific functional support
for mechanisms of the double-ring structure of ClpB.

Salt bridge analysis reveals dynamically stable
cross-protomer networks of electrostatic
interactions in both severing proteins and CipB

The presence of charged residues in the conserved KYR
motif of PL1 of severing proteins and ClpB led to the
proposal that salt bridges are particularly important for
cross-protomer interactions (25,29,30). To obtain a broad
perspective on the contribution of these interactions to
pore dynamics, we undertook a detailed analysis of salt
bridges involving residues in each of the pore-loop regions
of severing proteins and ClpB that are persistently found
in simulations of each configuration (see Materials and
methods).

Table S5 lists the specific salt bridge pairs observed with
the highest frequency in our simulations for both spiral and
ring states of the severing proteins. For katanin in the full
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complex configurations of both spiral and ring states, which
correspond to the cryo-EM conformations, we found the
same number of inter- and intraprotomer salt bridges (Table
S5). This indicates that communication between pore loops
in different protomers and intraprotomer loop stabilization
must be balanced in the fully functional state of katanin.
This point is further supported by the finding that the
removal of the nucleotide and/or the substrate does not
significantly perturb these salt bridges, as they are consis-
tently observed for similar durations in all configurations
(APO, E12/E14, ATP, and ATP + E12/E14). The impor-
tance of these salt bridges is also underscored by the limited
formation of additional salt bridges upon perturbation, with
only shorter-lived interprotomer salt bridges added in the
APO, E12, and ATP configurations of the ring state. For
spastin, the ring state is characterized by a higher number
of intra- versus interprotomer salt bridges, suggesting that
in this case, the stability of the pore loops within a protomer
is more important than the dynamic communication be-
tween loops in different protomers. Importantly, for spastin
in both spiral and ring states, the intraprotomer salt bridges
are largely unaffected by the removal of the nucleotide
and/or the substrate, whereas the number of interprotomer
salt bridges is generally reduced. We also note that the intra-
protomer salt bridges in spastin are the longest-lived salt
bridges: up to =39 ns compared to =23 ns for the
longest-lived interprotomer salt bridges, also found in spas-
tin. For katanin, the longest-lived intra- and interprotomer
salt bridges are observed for =17 ns. In summary, for
both katanin and spastin, perturbations induced by the
removal of the nucleotide and/or the substrate lead to
changes only in the interprotomer salt bridges but have no
effect on the intraprotomer ones. This finding implies that
the intraprotomer salt bridges have a primarily structural
role, whereas the interprotomer salt bridges are more impor-
tant for the function of the severing protein.

Analysis of the identity of the salt bridges from Table S5
shows that, in contrast to the behavior of salt bridges in
monomeric proteins, which are customarily found between
residues separated by less than 10 positions in the sequence
(81), the most stable intraprotomer salt bridges found in our
simulations are formed between very distant positions
(>20). We identified two salt bridge networks involving
PL1, PL2, or PL3 residues in katanin and one in spastin.
Importantly, these networks comprise complex salt bridges,
i.e., that contain specific charged residues participating in
multiple interaction pairs. As shown in Fig. 4 a, in katanin,
one network is centered around position K265 from PL1 and
contains four members (D171 from the fishhook element,
D269 from PL1, and K272), which form two inter- and
one intraprotomer salt bridges. This network is specific to
katanin and couples PL1 loops of neighboring protomers
with the fishhook, a specific functional element of severing
proteins involved in hexamerization. Furthermore, this
network contains a position that has been highlighted as
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functionally important in experiments: K265, for which the
mutation K265A led to a reduction in the basal and the
microtubule-stimulated ATPase activity while completely
inactivating severing (30). Notably, we found that one of
the salt bridges highlighted in the cryo-EM structure (30),
R267-E308, which has been proposed as important for the
structuring of PL1 and PL2 loops, is dynamically labile;
in the full katanin spiral complex, it is formed in only two
protomers, and it is present for a relatively short time
(~2 ns).

As shown in Fig. 4 a, the second network in katanin is
centered around R301 from the PL2 loop. In spastin, this
network is mirrored by the equivalent position R591 from
PL2 (see Fig. 2 E in (31)) in the spiral state (Fig. 4 b) and
the R450 position from PL2 in the ring state (Fig. 4 c).
This mixed inter- and intraprotomer network contains four
members in katanin (E293 from the WB motif, D346 from
PL3 and K314), forming one inter- and two intraprotomer
salt bridges. We note that this network contains a position
that has been highlighted as functionally important in exper-
iments: R301, for which the mutation R301A reduced the
ATPase activity and abolished microtubule severing (30).

In the spastin spiral state, the salt bridge network has
seven members (D585 from the WB motif; R591, E595,
and R600 from the PL2 loop; E633 and D635 from the
PL3 loop; and K603), which form three inter- and three in-

Spastin (6P07)

Asymmetric dynamics of AAA+ machines

FIGURE 4 Networks of complex salt bridges
identified in severing proteins and ClpB disaggre-
gase. Salt bridge networks identified in our simula-
tions in (a) katanin spiral (6UGD) and ring (6UGE)
states, highlighted in pink and cyan; (b) spastin spi-
ral (6P07) in cyan; (c¢) spastin ring (6PEN) in cyan;
and (d) NBD1 of ClpB in spiral (60AY) and ring
(60AX) states in pink are shown. Networks include
complex salt bridges (dashes), in which specific
charged residues (indicated using stick representa-
tion) may participate in multiple interaction pairs
and couple at least three protomer pairs. High-
lighted regions illustrate salt bridges that form at
one interprotomer interface. Protomers are color
coded, and the substrate peptide is shown in gray
or green. The detailed list of salt bridges formed
is indicated in the text and in Tables S5 and S6.
To see this figure in color, go online.

traprotomer salt bridges. Notably, this network contains two
important residues: R591 from PL2, which has been pro-
posed as the center of an allosteric network that can couple
the substrate binding loops to ATP hydrolysis and oligomer-
ization (29), and E633, for which the salt bridge E633-R600
is also present in the original cryo-EM structure. The muta-
tion E633A reduces both the ATPase and the severing activ-
ity without abolishing either (29). Finally, we note that
position D635 from this network is the invariant equivalent
of D346 in C. elegans katanin and D493 in H. sapiens spas-
tin (Fig. 2 E in (31)). They likely each serve as an anchor
between PL3 and oligomerization regions in the respective
severing protein.

Finally, in the spastin ring state, the network has eight
members (E442 from the WB motif; D493 from the PL3
loop; K462, E454, and D456 from the PL2 loop; E420;
R459; and R460), which form two inter- and six intraproto-
mer salt bridges. Whereas this network is found in all the
states of the severing proteins, we found that it is more
extensive in the ring than in the spiral state and that it rea-
ches the maximal size in the spastin ring, in which it is
centered around position R450, and also that it consists of
the maximal number of intraprotomer salt bridges. These
findings strongly suggest that the stability of the ring state,
especially in spastin, is dependent on its extensive network
of positions inside each protomer that can form long-lived
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complex salt bridges with each other. Moreover, because the
protomer lacking the nucleotide in the ring state is excluded
from the network, our results show that the formation of the
salt bridge networks in severing proteins is dependent on the
presence of the nucleotide.

For the ClpB hexamer, structural studies suggested that
formation of a network of salt bridges between neighboring
protomer provides key interactions that stabilize the pore
and support disaggregase activities (25). These interactions
couple NBDI1 residues K250-E254 and R252-E256 of PL1
loops in neighboring protomers in counterclockwise and
clockwise directions, respectively, with the exception of
seam protomers (Fig. 4 d). The important contribution of
these charged amino acids for the chaperone function was
highlighted by defective disaggregation in K250E and
R252E mutants (25). Consistent with these observations,
the set of specific salt bridge pairs observed with the highest
frequency in our simulations of ring (60AX) and spiral
(60AY) states of ClpB includes the K250-E254 salt bridge
in all configurations considered and at all interprotomer in-
terfaces except the seam (Table S6). The E256-R252 salt
bridge has a weaker dynamic contribution to the ClpB hex-
amer stabilization, except for the substrate-bound state
(ALA). Notably, as shown in Table S6, NBD1 amino acids
form almost exclusively interprotomer salt bridges in both
ring and spiral states, which suggests that these interactions
support dynamic collaboration between pore loops in this
domain. In addition to salt bridges proposed on the basis
of cryo-EM studies, we found that dynamic interprotomer
PL1 coupling in NBDI1 also includes E257-K250 salt
bridges, which were found at most interfaces in all configu-
rations of both ring and spiral states, and PL1-PL2 coupling
is mediated by the D290-K250 salt bridge, which are absent
in the ring state. An interprotomer PL2 network is formed
by D290-K288 salt bridges in APO, ALA, and ATP ring
configurations. Corroborated with the role of the D290
side chain in establishing contact with the substrate identi-
fied in cryo-EM studies (25), the transient formation of
salt bridges by this residue suggests a mechanism of dy-
namic stabilization of PL2 to maintain a conformation
competent for interaction with the substrate. As shown in
Table S6, residues K250 and D290 form multiple salt
bridges that are generally present for <10 ns and have large
dispersion across the specific interprotomer interfaces. This
promiscuous behavior indicates that dynamic pore stabiliza-
tion and function require a network of complex and flexible
salt bridges.

In contrast to the large variability of salt bridges in NBDI1,
we found nearly invariant intra- and interprotomer salt
bridges involving pore loops of NBD2 in spiral and ring
states, which underscores the pore stabilization require-
ments for interaction of this domain with the substrate.
The most frequent interprotomer salt bridge in NBD2 is
E639-K640, which underlies the network formed by PL4
loops. In addition, the ubiquitous intraprotomer salt bridge
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involving the E636-R645 pair, present in all states in most
of the protomers except the seam, connects the two ends
of PL4. Although salt bridge networks involving these res-
idue pairs were not identified in the cryo-EM structural
studies, point mutations at positions 639 and 640 were found
to result in large reduction of disaggregase activity (25). The
distinct pattern of salt bridges in NBD2 compared with
NBDI can be attributed to the absence of charged residues
in PL3, which includes the characteristic GYVG loop motif
that precludes the formation of interprotomer salt bridge
networks or interloop salt bridges within the same protomer.

Overall, our global analysis of salt bridge dynamics
involving pore-loop residues reveals that pore stabilization
involves networks of complex salt bridges that rely on mul-
tiple complementary contributions of such interactions
rather than dominant individual ones. Findings of the
ClpB networks recapitulate our results for the spiral and
ring katanin structures and provide strong support for the
hypothesis that collective pore-loop stabilization is required
for optimal interaction with the substrate. We surmise that
strong interprotomer salt bridge networks result in forma-
tion of PL rings that help stabilize the ClpB pore and enable
substrate gripping during the functional cycle. Distinct salt-
bridge network patterns of the two AAA+ domains high-
light their functional specialization into variable substrate
gripping during the allosteric cycle by NDB1 and the disag-
gregase role of NBD2.

Internal motions and relaxation times indicate
coupling between collective and local motions

Ultrafast dynamics of pore loops of the hexameric confor-
mations on microsecond timescales has been proposed to
mediate protein translocation through a ratcheting mecha-
nism that complements the slower hand-over-hand mecha-
nism mediated by ATP-driven rigid-body motions of
protomer domains (70). Although timescales accessible to
MD simulations preclude direct observation of events on
approximately microsecond timescales with reliable statisti-
cal sampling, relaxation behavior of fluctuations that occur
on much shorter times provides a powerful approach to
probing such phenomena (90,91). To gain insight into the
loop dynamics, we determined the timescales associated
with internal protomer motions in the various states.

For the severing proteins, we calculated, for each proto-
mer, the ACF of the distance between the C, atom of a cen-
tral and highly conserved amino acid in PL1 (R267 for
katanin, Y556 for spastin spiral, and Y415 for spastin
ring) and the COM of the protomer (Fig. 1). We fitted the
ACF using Eq. 4 (see examples in Fig. S10), which is a com-
bination of a stretched exponential and a single exponential
(90). Next we determined the characteristic relaxation time
of the total decay, 7*, as the integrated area of the ACF, ac-
cording to Eq. 5 (90). We extracted 7* from the average
(over all the trajectories of a given length) ACF decay in
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each protomer and in each state from our runs at 5, 25, 50,
and 200 ns. Although the ACF is calculated for only up to
50% of a trajectory, we found, as noted in prior studies
(97,98), that it becomes negative well before this time point
because of the lack of statistics at long times. Thus, for each
trajectory length, we used the ACF data from only up to the
first 20% of the trajectory beyond the initial equilibration
time (for example, after the first 5 ns from a 25 ns long tra-
jectory and after the first 1 ns from a 5 ns trajectory). More-
over, for each protomer in each state, unless we could fit the
ACEF through the entire time interval with high confidence
(low Xz-value, i.e., <0.001), we used the dependence of
the x* versus time to select the statistically significant inter-
val for the fit of the ACF by Eq. 4; typically, we selected the
time interval corresponding to the elbow in the x* versus
time plot, i.e., we fitted the ACF only up to the time when
the x? exhibits a substantial jump in magnitude (see an
example in Fig. S12 for the 6P07 APO setup). The results
in Tables S7 and S8 show that for most cases, the exponent
in the stretched exponential 8 is ~0.5, which agrees with the
value of the exponent at 300 K reported in previous work
(90,98).

The physics behind the relaxation time resulting from
fitting to a stretched exponential with a subunitary exponent
(a) corresponds to a purely elastic response preceding a
viscous decay. In all setups and for all protomers, we found
that 7* is between T1 and T2 (see Tables S7 and S8), which
again recalls the findings from (90) regarding the behavior
of the characteristic relaxation time of the decay in the back-
bone correlation function for the hen egg white lysozyme.
Using the data from the various length trajectories, illus-
trated in Fig. 5, A and B for katanin and spastin, respectively,
we found that 7% = 0.039 x ¢*'° for both katanin and spas-
tin, signaling that the decay of the ACF is observation time
dependent. The power-law fit recalls the dependence on the
length of the MD simulation trajectories of the characteristic
relaxation time of the ACF for distances in monomeric glob-
ular proteins, as well as the dependence of the relaxation

Asymmetric dynamics of AAA+ machines

time on the duration of observation in SmFRET experiments
reported in the literature (91,99,100). The shifting of the
ACF toward longer lag times with increasing ¢, which is a
signature of aging and observation-time-dependent dy-
namics, has been attributed to a confined subdiffusive
continuous time random walk over the protein energy land-
scape with a superimposed noise (91). Following these
studies, we connected our simulation results with the char-
acteristic relaxation times measured in SmFRET experi-
ments (91,99,101) by extrapolating the calculated power-
law dependence of 7* on the length (#) of the measurement
leading to a predicted value for 7%, at the typical experi-
mental timescales from FRET experiments (f = 1 ms), of
298 us for severing proteins. The individual values for the
7* fitting and the respective predicted 7*-values at 1 ms
observation time for each of the setups in katanin and spas-
tin are in Table S11. This table shows that the predicted
values range between a couple microseconds to hundreds
of microseconds. Common among all the katanin and spas-
tin structures is that the binding of the nucleotide (ATP or
ADP) alone results in the fastest decay of the ACF. In
contrast, the ACF in the absence of any binding partners
(the APO setup) exhibits the longest decay among the
ACEFs for all the setups probed in the severing proteins.

To study the internal motions occurring during conforma-
tional changes in the ClpB nanomachine in various states
(APO, ALA, ATP, and ALA + ATP), we calculated, for
each protomer, the ACF of the distance between the C,
atom of a central and highly conserved amino acid in PL1
(R252) and the COM of the protomer (Fig. 1). The results
shown in Tables S9 and S10 show that the average exponent
in the stretched exponential is ~0.6, with individual values
ranging from 0.4 to 0.7, which is only slightly higher than
the corresponding number in severing proteins. Similar to
our findings in severing enzymes, in all setups and for all pro-
tomers, 7* lies between the T1 and T2 values (see Tables S9
and S10). Using the data from the various length trajectories,
illustrated in Fig. S13 and reported in Table S12 for all the

A Katanin B Spastin C CIpB
T T T T T T T T 3
— TH(1)=b*t°: b=0.039, ©=1.159 E - T*(0)=b*t©: b=0.038, O=1.146 { 1 - PH(0)=b*t®: b=0.087, ©=0.949 E
LMD (5ns) e A MD (5ns) g LMD (5ns) ]
1| & MD@sns) 10I | I MD(@25ns) 104 L I MD(@25ns) 4
10 MD (50ns) E MD (50n5) MD (50ns) E
F & MD(200ns) X MD (200ns) 4 smFRET (1ms) 1

[ 3
10°F 3
—~ —~ - E
) ) 2 1
G = a ]
= ) ~ = 102 E E
kS Fe 1 T E
o o ]
10°F 10 10'k ]
o ]
0
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FIGURE 5 Dependence of relaxation time (7¥) on the observation timescale. Log-log plots indicate power-law dependence (dashed line) of 7 versus time
(nanoseconds) for (A) katanin (MD data) and (B) spastin (MD data) and (C) ClpB (MD + smFRET data). Data from MD simulations of 5 ns (magenta), 25 ns
(green), 50 ns (cyan), and 200 ns (blue) trajectories, as well as from smFRET experiments (red) (70) are shown. Standard error of 7% data is shown as error
bars. To see this figure in color, go online.
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different setups in ClpB, we found that 7% = 0.102 x to.91,
consistent with our above finding for severing proteins,
which indicates that the decay of the ACF is observation
time dependent. Extrapolation to the typical experimental
timescale from FRET experiments of 1 ms leads to a pre-
dicted value for 7* of 30 us. This is smaller than the predicted
values from the severing proteins. In general, we found that
the 7*-values obtained for the ClpB states (which are up to
110 us) are shorter than the 7*-values for katanin and spastin
(which are up to 370 us). Another difference between ClpB
and severing proteins is that the slowest decay in the ACF for
ClpB corresponds to the state in which both the nucleotide
and the substrate are bound to the hexamer, whereas the
fastest decay corresponds to the APO state. Very recent
smFRET experiments (70), carried out over 1 ms time
windows, investigated the pore-loop dynamics in ClpB and
extracted characteristic relaxation times for PL1 motions.
The combined plot of these values, together with those
from our simulations in Fig. 5 C, yields the power-law depen-
dence 7* = 0.087 x 1, indicating excellent agreement be-
tween experiments and simulations. The resulting 7*-value
on the 1 ms timescale is 43 us, which agrees with the above
computational prediction.

In summary, our result for both classes of AAA+ proteins
that the characteristic ACF decay time (7F) lies between T1
and T2 indicates that in these proteins, there is substantial
coupling between collective and local motions in the hex-
amers (90). This coupling aligns well with our above re-
ported formation of networks of intra- and interprotomer
complex salt bridges that help organize the main functional
regions of the hexamers: the central pore loops, the ATP-
binding sites, and the hexamerization sites. Moreover,
both classes of proteins exhibit pronounced aging and obser-
vation-time-dependent dynamics as seen in the shifting of
the ACF toward longer lag times with increasing 7 (91), re-
sulting in a predicted value for 7* in ClpB of tens of micro-
seconds on the typical experimental timescale from FRET
experiments, which matches the experimental value very
well (70). Interestingly, the respective predicted value in
severing proteins is longer than in ClpB, which suggests
that severing proteins exhibits slower PL1 kinetics.

CONCLUSIONS

The structural asymmetry of ring conformations of AAA+
machines involved in disaggregation or microtubule
severing has important implications for the dynamic stabil-
ity of the central pore and the collaboration between pore
loops. The computational studies presented in this work
address both these aspects and reveal factors that dynami-
cally stabilize nonplanar structures of central pores and un-
derlie conformational dynamics that enables their functions.
As pore loops protrude into the central channel, their weak
structural connectivity to the protomer domains naturally
highlights the importance of their local motions. Functional
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aspects of pore dynamics during the allosteric cycle high-
light both single loop motions, which assist with the appli-
cation of mechanical force associated with each ATP
hydrolysis step, and collective loop motions, which ensure
efficient substrate handling. In addition, pore dynamics is
strongly modulated by the rigid-body domain motions of
protomers that underlie large-scale conformational transi-
tions in ATP-driven steps of the functional cycle. To glean
the intricate interplay between these distinct motions, our
simulations probed both fluctuations of single loops and col-
lective pore and intraring motions.

Experimental studies highlighted functional differences
between the two major severing proteins, katanin, and spas-
tin, illustrated, for example, by katanin’s activity even in the
presence of a tubulin subunit (49) and the spastin’s require-
ment of the full microtubule (50). The origin of such differ-
ences could not be gleaned just from the cryo-EM studies,
which revealed similar structural arrangements for the
severing proteins (30). Instead, our study points to diverging
dynamics of these two proteins that likely underlies the
distinct functional aspects. Namely, our PCA of the PL1 dy-
namics showed that the largest amplitude motions in the full
complex spiral states of the severing proteins are distinct:
opening and closing of the central pore for katanin and axial
excursions for spastin. Moreover, whereas for the katanin
spiral, the loss of both the nucleotide and the substrate leads
to divergent motions from the ones in the full complex, for
the spastin spiral, principal motions remain unchanged upon
perturbation. Secondly, whereas in katanin we found two
dynamic networks of long-lived complex salt bridges
formed by the charged amino acids of conserved motifs
from PL1, PL2, or PL3 pore loops, in spastin we identified
only one such network. Our results also allow us to delineate
common dynamic aspects of the two severing proteins.
Namely, we found that in both the katanin and spastin spiral
states, the gating protomer F, especially its HBD region, ex-
hibits the largest RMSF values. This enhanced flexibility
leads to changes in the PC1 motion mode range between
the complex state and the state resulting from the removal
of both the nucleotide and the substrate (APO). Moreover,
our results show that katanin and spastin in the ring complex
have similar PL1 loop dynamics. We also found that the
community networks for the complex states of both severing
proteins include only intraprotomer coupling, signaling a
lack of cooperativity between protomers during the action
of these motors. This aspect contrasts with the APO, ATP,
and ATP + E12/E14 configurations, in which interprotomer
coupling is present. On the basis of these findings, we pro-
pose that interprotomer coupling arising from convex-to-
concave interfaces, revealed by cryo-EM structures (30),
is dynamically flexible because of competition between in-
traring stability and protomer-substrate interactions in the
complex state. Finally, our relaxation time analysis shows
that katanin and spastin yield the same prediction for the
7*-value on the timescales of FRET experiments.
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The specialized roles of the two NBD domains of ClpB
are highlighted by the distinct pattern of salt-bridge network
and interprotomer coupling. Whereas the NBDI ring in-
volves extensive interprotomer interactions that comprise
complex salt bridges formed between residues of PL1 loops
and coupling of large and small domains of neighboring
protomers, the NBD2 ring lacks a salt bridge network stabi-
lizing PL3 loops and includes only intraprotomer coupling
of large and small domains. These results are consistent
with findings of biochemical studies that indicate coopera-
tive interactions of the NBD1 protomers and probabilistic
interactions of the NBD2 protomers (59). We note that the
presence of networks of electrostatic interactions across
protein-protein interfaces has been widely recognized as
contributing to the stability of the protein and of the pro-
tein-ligand complex, as seen, for example, in the lipase fam-
ily (81), the coronavirus spike protein S (102), and the
complex between the EphA2 receptor and the Ship2 lipid
phosphatase (103). In addition, as highlighted in our studies,
such networks involve interprotomer cooperativity (104)
and bifurcated interactions (103). Divergent intra—ring co-
operativity of severing proteins and of the NBD domains
of ClpB recalls complex cooperativity behavior illustrated
by the paradigm of the two classes of ring-shaped chapero-
nins. Whereas the protomers of group I chaperonins
(GroEL) are strongly coupled and undergo concerted mo-
tions (105), those of group II chaperonins (thermosome or
CCT) are weakly coupled and undergo sequential motions
(106,107).

The presence of substantial correlations between residue
motions in the central pore loops for the duration of the sim-
ulations is also supported by the results of our analysis of the
relaxation dynamics of the ACF for the distance between
PL1 and the COM of the protomer. Our results show that
for both severing proteins and ClpB, we are in the regime
in which there is substantial coupling between collective
and local motions. We also found that the characteristic
relaxation time for the ACF in the hexameric states experi-
ences aging and observation-time-dependent dynamics,
which is the result of a confined subdiffusive continuous
time random walk over the protein energy landscape with
a superimposed noise, similar to the findings for monomeric
globular proteins from the literature (91). Using the result-
ing power-law dependence, we predict that the typical
ACF relaxation time is ~45 us on the timescale of single-
molecule FRET experiments, which are carried out for a
duration of ~1 ms. Timescales corresponding to these relax-
ation times are in excellent accord with those identified in
very recent smFRET experiments for functional motions
of the ClpB nanomachine (70). This finding indicates that
despite the inherent timescale limitations of MD simula-
tions, the motions observed in our work are relevant over
many timescale orders, as the dynamics is nonequilibrium
and self-similar at least up to the duration of smFRET
experiments.

Asymmetric dynamics of AAA+ machines
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