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Numerous ATPases associated with diverse cellular activities (AAA+) proteins form
hexameric, ring-shaped complexes that function via ATPase-coupled translocation of sub-
strates across the central channel. Cryo-electron microscopy of AAA+ proteins processing
substrate has revealed non-symmetric, staircase-like hexameric structures that indicate a
sequential clockwise/2-residue step translocation model for these motors. However, for
many of the AAA+ proteins that share similar structural features, their translocation proper-
ties have not yet been experimentally determined. In the cases where translocation
mechanisms have been determined, a two-residue translocation step-size has not been
resolved. In this review, we explore Hsp104, ClpB, CIpA and ClpX as examples to review
the experimental methods that have been used to examine, in solution, the translocation
mechanisms employed by AAA+ motor proteins. We then ask whether AAA+ motors
sharing similar structural features can have different translocation mechanisms. Finally, we
discuss whether a single AAA+ motor can adopt multiple translocation mechanisms that
are responsive to different challenges imposed by the substrate or the environment. We
suggest that AAA+ motors adopt more than one translocation mechanism and are tuned to
switch to the most energetically efficient mechanism when constraints are applied.

Introduction

ATPases associated with diverse cellular activities (AAA+) play essential roles in cell physiology, such
as protein quality control, membrane fusion, DNA replication, repair and recombination, and RNA
processing [1-7]. Structurally, they contain a highly conserved ATPase module that harbors o/p and
o-helical subdomains in the nucleotide-binding domain (NBD). The Walker A and B motifs of the
P-loop on the ATPase module, together with the Sensor 1 motif and Arginine finger, enable nucleo-
tide binding and hydrolysis [4,8]. Most proteins in the AAA+ superfamily utilize the chemical energy
provided by ATP binding, hydrolysis, or both to perform mechanical work [4]. However, the motion
of the molecular motor that enables mechanical work may vary. In this review, we focus on the
mechanisms of AAA+ proteins that are proposed to translocate their polypeptide substrates for the
purposes of disaggregation or degradation.

Most AAA+ protein translocases form hexameric ring structures [2,9,10]. From single-particle
cryo-electron microscopy (EM) techniques, a number of these proteins form an asymmetric and
staircase-like ring arrangement [9,11-20]. In the NBD, a ‘pore-loop’ reaches into the axial channel of
the hexameric ring, which contacts substrate directly and is proposed to work like a ‘hand’ that grabs
and translocates substrate through the axial channel [9,19]. Generally, two or three structural states
were observed for each nucleotide state (ATP, ATP analogs, or ADP), and translocation models were
proposed based on these static structural states [11]. Most of the determined structures are from pro-
teins from the classic and HCLR clades of the AAA+ family [4,21], and show that five out of six subu-
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proposed [9,11,14,16,17,22]. Specifically, a Sequential Clockwise/2-Residue Step (SC/2R) translocation model
has been advanced [9,22]. However, in many example AAA+ molecular motors, these models remain untested
in solution. It is also worth noting that there is of evidence of plasticity in the mechanism of AAA+ translo-
cases. Indeed, disruption of pore loops or ATP hydrolysis in individual subunits is tolerated to varying degrees
without eliminating polypeptide translocation [20,23-25].

The SC/2R translocation model reflects the observed static structural states of a protein translocase. However,
the underlying assumption in this model is that the observed structural states lie on the same reaction coordin-
ate. Alternative kinetic paths and patterns of ATP hydrolysis have also been proposed, such as SC/6R and
Probabilistic Anti-clockwise Long-Step (PA/LS) models for translocation by ClpX [22,25]. In the PA/LS model,
a power stroke in the anti-clockwise direction moves the top subunit to the bottom position yielding a
10-residue step [22]. These diverse structural hypotheses need to be tested in solution for each AAA+ translo-
case. Dynamic parameters such as rates, rate constants, step-size (amino acids translocated per step), coupling
efficiency (ATP hydrolyzed per step) and processivity are outside the temporal resolution of static structural
techniques. However, there are a number of biophysical approaches that can determine translocation kinetics
and thermodynamics. For instance, the mechanism of translocation used by a mitochondrial inner membrane
protease, Ymel, can be evaluated via tracking substrate degradation using chromatography [26-28]. However,
AAA+ proteins that might adopt the SC/2R mechanism do not always contain a proteolytic domain, nor do
they associate with a proteolytic partner protein. Consequently, since there is no covalent modification of the
substrate being translocated, it can be difficult to determine if the motor has passed the substrate through its
axial channel.

To test for processivity, methods that detect translocation in the absence of covalent modification are
required to examine AAA+ proteins, such as Hsp104, ClpB, p97/VCP, and Vps4. To date, Forster resonance
energy transfer (FRET) single-turnover fluorescence/anisotropy/FRET [29-33], hydrogen-deuterium exchange
mass-spectrometry [34-36], single-molecule total internal fluorescence spectroscopy [37], and single-molecule
optical-trapping techniques [38-41] have been used to interrogate translocation mechanisms. Here, we discuss
the translocation mechanism of ClpB and Hsp104 in comparison with other well studied AAA+ protein trans-
locases, such as ClpX and ClpA, which have been scrutinized using a variety of techniques.

Are Hsp104 and ClpB processive translocases?

Hsp104 and its prokaryotic homolog ClpB belong to the Hsp100 Class I family [42]. They are protein disaggre-
gases, which solubilize aggregated structures [18,43]. Hsp104 can even resolve highly stable prions or amyloids
as well as neurotoxic preamyloid oligomers [23,43-62]. Hsp104 and ClpB have been hypothesized to operate
by the SC/2R mechanism based on cryo-EM structures [9,11,17]. However, large transitions between open lock
washer and closed ring structures that could result in a single translocation step of 23 amino acids (AA) are
also likely to contribute to activity [9,15,35,36,63-65]. ClpA translocates a polypeptide chain through its axial
channel and into ClpP for degradation [66-68]. Polypeptide translocation by ClpA is highly processive, i.e.
there is a high probability that ClpA will step forward versus dissociate from the polypeptide substrate
[30,32,67]. This observation led to the hypothesis that ClpB and Hsp104, due to the structural similarities to
ClpA, would utilize the same mechanism as CIpA to catalyze protein disaggregation [69]. However, neither
ClpB nor Hspl104 interact with a chambered protease like ClpP. Consequently, if a polypeptide is processively
translocated through their respective axial channels then the polypeptide would leave the reaction without cova-
lent modification, which makes it difficult to determine whether complete translocation has occurred.

In acknowledgement of this experimental difficulty and to test the ‘complete threading’ model, a protein
engineering strategy was employed [69,70]. An IGF/L loop on ClpA enables CIpA to interact with the protease
ClpP [16]. Thus, the IGF/L loop was engineered into ClpB to enable interaction with ClpP [69]. This modified
form of ClpB with an IGF/L loop is termed BAP (ClpB-ClpA-P loop) [69]. If proteolytic degradation of sub-
strates is observed it would suggest that BAP completely threads a polypeptide chain through its axial channel,
out the other end, and into the proteolytic chamber of ClIpP just like ClpA [69]. Proteolytic degradation of
either o-casein or peptide B was observed when mixed with BAP, ClpP and ATP [69]. Degradation of aggre-
gated malate dehydrogenase or aggregated luciferase in the presence of the Hsp70 system (Dnak, DnaJ, and
GrpE) was also observed [69].

Interestingly, using the same BAP construct, a later study showed that faster degradation of casein is
observed when ATP is omitted from the reaction [30]. This important control was not previously reported
[69]. The observation of energy-independent degradation calls into question whether or not the observed
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degradation is due to ATPase-driven translocation of a substrate through the axial channel [30]. The observa-
tion of ATP-independent degradation does not rule out the possibility that upon addition of ATP there could
be a mix of energy-dependent and energy-independent degradation (Figure 1A-C). However, if BAP is a pro-
cessive translocase that actively translocates a polypeptide through the axial channel and into ClpP for degrad-
ation then why would ATP slow this reaction down?

It is important to note that the observation of degradation in that experiment is disappearance of a band at a
specific molecular weight on a Coomassie stained SDS-PAGE gel [69]. Thus, this observation only indicates
that there is at least one cleavage event that results in a smaller polypeptide but does not, necessarily, indicate
complete degradation of a polypeptide substrate as has been shown for ClpA plus ClpP (ClpAP). Thus, the
observation of disappearance of a band on a gel does not indicate that BAP translocated the substrate into the
proteolytic chamber of ClpP. In contrast, ClpA was shown to fully translocate a polypeptide chain into the
cavity of ClpP using stopped flow FRET experiments where a donor fluorophore is placed in the ClpP cavity,
and an acceptor fluorophore is placed on the substrate being translocated [30,68]. However, when this strategy
was applied to BAP-ClpP no FRET signal was observed under conditions where degradation monitored by a
loss of a band on a gel is observed [30]. These observations suggest that BAP is not sufficiently processive to
fully pass a polypeptide chain through its axial channel and into ClpP [30]. However, some degradation occurs
as indicated by disappearance of the band on the gel.

Single-turnover fluorescence/Anisotropy/FRET experiments
to determine the path of translocation

Single turnover transient state kinetic techniques have been developed to examine polypeptide translocation cat-
alyzed by ClpA [67], ClpB [30], Hsp104, [29] and N-ethylmaleimide-sensitive Factor (NSF) [71]. The protein
translocase (e.g. ClpA) is pre-bound to its fluorescently-labeled unstructured substrate in the presence of a non-
hydrolyzable or slowly hydrolyzable nucleotide analog, typically ATPYS, in one syringe (Figure 2A). No active
translocation should occur as there is no rapidly hydrolyzable ATP present and thus no energy provided by
ATP hydrolysis. In the other syringe, there is a large excess (relative to the non-hydrolyzable nucleotide) of
ATP and unlabeled polypeptide substrate (relative to the fluorescently-labeled substrate; Figure 2A). The
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Figure 1. Interpretation of the degradation mechanism of BAP-CIpP system.

(A) CIpAP structure (6W20) was used to mimic the BAP-CIpP complex. The ATP-dependent, processive translocation of
substrate through the BAP central pore into the CIpP chamber is depicted. Alternatively, passive diffusion of the polypeptide
into ClpP might occur from the BAP side in an ATP-independent manner. Peptide substrate is represented by magenta lines,
the motor protein, BAP, and the protease, CIpP, are indicated in the scheme. (B) When no ATP is required for substrate
degradation of BAP-CIpP, polypeptide degradation might be explained by passive diffusion of polypeptide into the CIpP
chamber from the BAP side (A) or the ClpP side (B). (C) ATP-dependent translocation and ATP-independent passive diffusion
from the BAP or CIpP side could all occur at the same time and result in substrate degradation.
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Figure 2. A scheme of single-turnover experiments to measure protein translocation.

(A) Schematic cartoon of stopped flow fluorescence measurements. CIpA hexamer pre-bound with fluorescently-labeled
substrate in the presence of ATPyS (left side syringe) was rapidly mixed with ATP and unlabeled substrate (in large excess in
right side syringe). Fluorescence measurements were taken as a function of time. To test the processivity of the motor protein,
multiple lengths of substrates should be tested. The observed length of the lag phase of the fluorescence time course should
appear to be positively correlated to the length of the substrate for processive translocation. (B) The reaction scheme of the
measurements taken place in panel A. A preformed fluorescently-labeled substrate -ClpA -ATPyS complex was subjected to a
large excess of ATP. ATP replaces the prebound ATPyS and initiates translocation. It takes n-steps (n > 1) for ClIpA to
translocate the substrate completely. Once dissociated, the fluorescently-labeled substrate cannot rebind to CIpA due to the
presence of large excess of unlabeled substrate. Thus, the detected signal reports a single-turnover event of substrate
translocation.

contents of the two syringes are rapidly mixed within 2 ms. ClpA binding to the substrate results in a change
in fluorescence (or fluorescence anisotropy [72]), which is monitored as a function of time. As [ATP]>>
[ATPyS], ATP will replace ATPYS and hydrolyze to initiate the translocation reaction (Figure 2B). The motor
will proceed for n steps before reaching the end of the polypeptide chain and dissociating or it can dissociate at
any intermediate step before reaching the end. The dissociated motor cannot re-bind to the fluorescently-
labeled substrate as it will be trapped by the unlabeled, ‘dark’ substrate as [dark substrate] >> [labeled substrate],
which assures that the time courses reflect only a single-turnover of polypeptide translocation.

If we define processivity as a probability that an enzyme will step forward versus dissociate then a processiv-
ity, P =1, means that the enzyme will always reach the end of the lattice regardless of its length. Thus, to test
for processive translocation the single turnover experimental strategy described in Figure 2 is performed as a
function of polypeptide substrate length. The prediction is that for processive translocases the time courses will
depend on substrate length. If the lattice length is increased, the enzyme will take more steps to completely
translocate the increased lattice length. Therefore, the number of observed steps, n, will depend on the lattice
length, L, based on the distance traveled per step, m (step size), as n=L/m. A lag in signal that increases with
lattice length is often observed (Figure 2A). However, the fundamental prediction is that if the enzyme is
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processively translocating a substrate then it will be taking increasing number of steps with increasing substrate
length. Consequently, the time courses will indicate a length dependence for a processive translocase. In con-
trast, if a motor exhibits sufficiently low processivity, P << 1, then no length dependence will be observed.

ClpA processively translocates an unstructured polypeptide chain through its axial channel and into ClpP
[67]. The fluorescence stopped flow method described above was developed to examine unstructured polypep-
tide translocation catalyzed by ClpA in the absence of ClpP. This translocation scenario would be analogous to
translocation catalyzed by ClpB or Hspl04 that do not interact with a protease. Using the method in
Figure 2A, time courses were reported that showed a clear length dependence [67]. From an analysis of these
time courses, a molecular mechanism for translocation catalyzed by CIpA was reported that included the first
determination of a kinetic step-size for a AAA+ molecular motor to be ~14 AA step™" independent of [ATP]
[67]. Interestingly, the same stopped-flow experimental strategy, when applied to ClpAP, revealed a kinetic step-
size of ~5 AA step™’, revealing that ClpP allosterically influences the mechanism of ClpA-catalyzed polypeptide
translocation, consistent with mechanistic plasticity [32]. It is important to note that the kinetic step-size repre-
sents the average number of amino acids translocated between two rate-limiting steps and further experiments
are required to determine if it represents mechanical movement. However, a later study using optical tweezers
and folded substrates showed that CIpAP translocated with a mechanical step size between 4-8 amino acids
lending support to the notion that the kinetic step-size is likely reporting on mechanical movement [73].

The transient state kinetic analysis on ClpA and CIpAP revealed the stopped flow technique to be a viable
strategy for examining polypeptide translocation in the absence of a proteolytic partner [32,67]. This technique
was subsequently used to examine translocation catalyzed by wild-type ClpB [30]. Stopped-flow experiments
were performed with ClpB on multiple substrate lengths ranging from 30 to 102 amino acids [30].
Interestingly, no length dependent time courses were ever observed [30]. It was concluded that ClpB proceeded
through 1-2 rate-limiting steps before dissociation from the polypeptide substrate, regardless of the length [30].
This finding was confirmed using fluorescence, fluorescence anisotropy, and FRET as the observed signals, all
of which are sensitive to different aspects of movement of the motor [30].

Figure 2A presents fluorescence as the detection signal. However, if there is no change in the total fluores-
cence signal upon motor dissociation, then anisotropy can be used. If the size of substrate is too large to result
in a significant anisotropy change upon dissociation, FRET is another choice for measuring the translocation.
In this scenario, the motor should also be labeled with a fluorophore that is a FRET pair of the label on the
substrate.

Durie et al. tested polypeptide translocation catalyzed by Hsp104 using the fluorescence stopped flow design
described above [29]. In this study, substrates with various lengths of 30, 40, 50, 102, and 127 amino acids were
used to determine the number of translocation steps catalyzed by Hsp104 [29]. In this work, similar to ClpB,
no length dependence was observed. Thus, the authors proposed that Hspl04 can operate as a non-processive
translocase [29]. Given that no more than two translocation steps were observed for tested substrates of various
lengths, a ‘toggle and release’ model was proposed for the mechanism of Hsp104-mediated protein disaggrega-
tion. However, it is important to note that in both these studies [29,30], one or two slow steps followed by very
fast translocation would be difficult to detect on the short substrates used. Thus, it will be of great interest to
assess Hsp104 and ClpB processivity on longer polypeptide substrates. Further, all substrates examined were
unstructured so an important next step is to challenge the motor with folded regions.

Single-molecule optical-trap experiments to determine the
path of translocation

Single-molecule optical trap experiments enable us to study the force generation, processivity, rate and step size
of single enzymes as a function of nucleotide concentration and applied force. Compared to ensemble experi-
ments, this approach allows the detection of the heterogeneity of translocation events of each individual
enzyme rather than measuring the average events of all enzymes in solution. The first measurements of
Hsp100-driven protein translocation using this technique were on a Class II Hspl00 enzyme, ClpX, with its
proteolytic partner, ClpP [38,74]. In one study, ClpX plus ClpP (ClpXP) and a multidomain substrate (filamin
A domains 1-8) with an SsrA-tag were tethered between two polystyrene beads trapped by optical lasers [38].
ClpX and ClpA recognize the SsrA-tag (even on internal loops) and initiate translocation [75]. Different from
ClpX and ClpA, ClpB does not recognize any specific linear sequence akin to the SsrA-tag, and may prefer to
bind to unstructured polypeptides with some charge [76,77]. Interestingly, BAP-CIpP was proposed to partially

© 2022 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society 5

220Z YoIe Lg U0 Jasn eluenjAsuuad jo Aussaaun Aq ypd-006£0-0202-1S9/G LY LE6/0S£00202.LSE/Z0L 01/10P/4pd-8]oiE/SUBO0SWAYD0Iq/Wod"ssaidpuelod//:dyy woly papeojumoq



. PORTLAND Biochemical Society Transactions (2022)
... PRESS https://doi.org/10.1042/BST20200350

translocate a looped polypeptide segment of a CFP-luciferase-YFP sandwich construct (Figure 3A), and its deg-
radation products were evaluated using SDS-PAGE gel and LC-MS/MS analysis [78]. The denatured luciferase
segment was targeted and degraded incompletely upon BAP-ClpP treatment, whereas the stable CFP and YFP
flank remained properly folded and were not degraded [78]. By contrast, a related Hspl00 protein, ClpC,
which engages ClpP could unfold the CFP and YFP portions and promote their degradation by ClpP [78].
Notably, ClpB hexamers are dynamic assemblies, with a dissociation rate constant as fast as 0.85 min~" [78].
Given that the stability of BAP hexamer in the presence of ClpP was not investigated, the possibility of free
BAP assembling around a single peptide strand of the CFP-luciferase-YFP and bringing it to the ClpP chamber
for cleavage remains to be tested (Figure 3B) [78]. The detection of a large fraction of luciferase (157 AA) -
YFP fragments after 60 min of the cleavage reactions of CFP-Luciferase-YFP and Luciferase-YFP indicates a
partial translocation of the substrates [78]. Thus, ClpB might specifically target unfolded portions of protein
aggregates for translocation and then release upon sensing a stably folded domain [78]. ClpB may alternate
between processive translocation on unfolded segments and then release, such that overall translocation by
ClpB is non-processive. That is, P=1 on unfolded segments, but P =0 for folded segments. Thus, processive
translocation by ClpB may be context specific and sensitive to the properties of the substrate. However, it
should be noted that the amount of ATP-independent degradation induced by BAP-ClpP in these experiments
was not accounted for in the interpretation of the observations.

A distinct, partial translocation mechanism involving unfoldase activity enables Hspl04 to dissolve Sup35
prions [43,58]. Here, Hspl04 engages the assembled Sup35 prion between Sup35 residues 96-151, at the
C-terminal end of the N domain and N-terminal end of the M domain of Sup35 [43,58]. After this initial
engagement, Hsp104 then translocates toward the N-terminus of Sup35, thereby unfolding the cross-p core of
the prion without disrupting the folded C-terminal GTPase domain of Sup35 (residues 254-685) [43,58]. In
this case, Hsp104 may processively translocate only the prion domain of Sup35 and not the C-terminal GTPase
domain providing an example of processive, but still partial translocation [43,58]. In this way, soluble, func-
tional Sup35 is rapidly released from the prion state [43,58]. Hsp104 has also been proposed to utilize a partial
translocation mechanism to efficiently disperse Pabl condensates [79]. These examples illustrate that transloca-
tion mechanism may be context specific and depend on the nature of the substrate.

= { e 2N
Denatured r W\ / oy ) Denatured ;.‘r \ /
luciferase ST Y luciferase

BAP

ClpP

Figure 3. Partial threading of a looped peptide and a single-strand peptide through the central pole of BAP.

(A) BAP hexamer translocates a bended protein loop into its central pore and into ClpP. CFP and YFP are shown in cyan and
yellow. CFP and YFP are properly folded and thus not recognized by BAP as a substrate. To engage the denatured region in
the middle, BAP may bind to an unfolded protein loop. (B) BAP hexamer assembles around a single polypeptide chain. ClpB
hexamers exhibit rapid dissociation and reassociation in the presence of ATP [94]. Therefore, BAP may assemble around a
single peptide strand, and engage in the central pore (the left luciferase strand), whereas the remainder of denatured luciferase
is outside the central pore. This preformed BAP-luciferase complex may then deliver polypeptide into ClpP.
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ClpX, ClpA and ClpB share similar structural features [16,17,22,80,81], which suggest that they may also
employ the SC/2R translocation mechanism. These proteins differ in hexamer stability, partner-protein selec-
tion, and substrate recognition and translocation [30,38,39,67,68,75,77,82,83]. Both ClpA and ClpX can recog-
nize the SsrA-tag to initiate translocation through their axial channels (Figure 4A) [38,75]. Thus,
single-molecule trap experiments were performed using similar strategies for ClpX (Figure 4A). A single-chain
ClpX complex was tethered to one polystyrene bead and the peptide substrate linked to an SsrA-tag to the
other bead. The motor protein can unfold and translocate properly structured protein (Figure 4A). ClpXP
translocates substrate in step sizes ranging from 5-8 AA to 10-13 AA [38]. It was suggested that ClpXP uses a
low gear to pull against a relatively high load and operates by a power-stroke translocation mechanism [38]. It
is important to note that single-molecule experiments and single-turnover experiments cannot exclude the pos-
sibility of rapid small substeps (e.g. 2 AA proposed in the SC/2R model) that blur into a single step followed
by a slow step.

multi-domain
substrate

CIpXP

LW

DNA tether

——
gé‘o?ﬁgga(ive
unfolding,
— >

stepwise
translocation

Folded I l

— 5pN 5pN
|
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ol
“

Figure 4. Distinct strategies to study substrate translocation by CIpXP and CipB.

(A) ClpXP translocates a single-strand protein substrate [38]. A muti-domain substrate was covalently attached to the bead
through a DNA linker. CIpXP complex was covalently attached to another bead, where both beads were trapped by optical
tweezer. The distance change of two beads as function of time can be measured, which directly connected to ClpXP
translocation and substrate unfolding [38]. Adapted from [38] with permission. (B) ClpB translocates a double-strand protein loop
[39]. A MBP protein was tethered inbetween two beads that are trapped by optical tweezer. More than one ClpB hexamer were
allowed to engage with unfolded MBP. Four possible modes of MBP-CIpB engagement: |, a single-strand peptide was engaged
in the central pore of ClpB and can be translocated. Il, a single-strand peptide was engaged in the centrol pore of ClpB, and
another side of the substrate bind to the exterior of ClpB. Only the central pore of ClpB allows relative movement between ClpB
and substrate. Ill, A peptide loop engaged in the cental pore and only one strand of the loop can be traslocated. IV, A peptide
loop engaged in the cental pore and both strands of the loop can be translocated. Adapted from [39] with permission. (C) A
cartoon shows that ClpB translocates a single-strand substrate with an M-domain engaged, resulting in the distance change of
the optical beads. M-domain of ClpB is known to be flexible and interacts with Hsp70 [17,88,95,96]. This feature allows
M-domain to assist the substrate translocation in the central pore and results in a distance change of the optical beads.
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Single molecule optical tweezer experiments have suggested that ClpB hyperactive variants, ClpB****" and
ClpB**’*“, and wild-type ClpB in the presence of DnaK, DnaJ, and GrpE translocate a polypeptide substrate
that was constrained at both ends [39]. In this design, the polypeptide was tethered to DNA handles that were
both attached to polystyrene beads, which were optically trapped (Figure 4B) [39]. Thus, ClpB would not
encounter a free N- or C-terminus [39]. A rapid reduction in the distance between the two beads occurred
upon addition of 2 M ClpB plus ATP [39]. Two rates were reported for ClpB****", ~250 and 450 amino
acids per second [39]. It is important to note that this experiment is single molecule with respect to the poly-
peptide chain and not ClpB [39]. Since ClpB is in large excess it is unlikely that only one hexamer is binding
and doing the work. It seems more likely that ClpB is condensing on the substrate since the extremely high
rates are independent of the forces applied, which exceeded 50 pN [39]. In analogous fluorescence experiments,
it was concluded that a single ClpB hexamer was recruited based on the observation of one fluorophore [39].
However, the labeling efficiency of the monomers is not reported [39], and it is unlikely to be 100%. In fact,
the observation of only one fluorophore on one hexamer reveals an upper limit on the labeling efficiency of 1/6
or ~16%, which indicates that at 2 uM ClpB there would be 1.7 wM unlabeled molecules that are capable of
condensing on the substrate. A substantial excess relative to a single polypeptide chain.

Four types of polypeptide extrusion models were considered (Figure 4B, models I-IV) [39]. It was concluded
that ClpB can translocate both arms of the loop simultaneously (model IV), but is capable of single-arm trans-
location when obstacles are encountered (model IIT) [39]. Consistent with this possibility, other AAA+ proteins,
such as Vps4 [84], p97/VCP [85] and ClpX [86,87], can translocate circular or knotted polypeptides, indicating
that AAA+ ATPases may translocate diverse substrates including loops, knots, hairpins, and crosslinked polypep-
tides. However, it remains possible that two-arm translocation might proceed via a non-canonical mechanism on
the exterior of the ClpB hexamer, perhaps involving the M domain (Figure 4C) [88]. The fact that ClpB stays on
the MBP substrate when the MBP substrate is fully stretched repetitively [39], makes the model presented in
Figure 4C a possible alternative mechanism for the substrate extrusion. Fully stretching MBP would be expected
to eject ClpB from substrate according to model III and IV (Figure 4B). It will be interesting to establish whether
ClpB can also translocate circular peptides as Vps4 has been reported to do [84]. It will also be important to
determine the binding affinities of the double-stranded and single-stranded polypeptides to ClpB.

Avellaneda et al. [39] present strong evidence that ClpB is a processive and powerful translocase that can
pull against forces as high as 50 pN at a speed of ~240 AA per second of a looped polypeptide. The energy
required to do this work is ~7.2 x 107'® J per second for one ClpB hexamer molecule (Work = Force*Distance)
[39]. Thus, at least ~72 ATP molecules (one ATP contributes ~60 kj/mol [89-91]) need to be hydrolyzed by
one ClpB hexamer per second at the time of translocation assuming all the energy comes from ATP hydrolysis
and binding energy makes minimal contribution. However, the highest ATP hydrolysis reported for
ClpB-Y503D is 6 ATP per second per ClpB [39]. Of course, the reported ATPase activity in the presence of a
large excess of substrate could be an underestimate of the working ClpB hexamer. However, this large discrep-
ancy leads to the question: is more than one ClpB hexamer driving the observed peptide extrusion? It is worth
noting that this measurement is of extrusion of a looped peptide of a single MBP molecule, but not likely the
work of a single ClpB hexameric motor. We previously established that more than one hexamer would bind to
an unfolded polypeptide chain once the length exceeded 127 amino acids [77]. Thus, the mechanically
stretched and unfolded MBP would accommodate multiple hexamers at such a large excess of ClpB.

The observed polypeptide extrusion steps reported for ClpB are much larger than two AA per step, even in
the presence of a mixture of ATP and ATPYS in an effort of slowing down the rate of ATP hydrolysis [39]. The
minimum step size observed can be limited by the time resolution of optical-trap setup. For the reported rate,
a 2 AA step would occur in ~8 ms, whereas the detected 14 AA constant steps occurred every ~40-60 ms after
taking time-average of the measurements [39]. Notably, single-molecule FRET work has suggested that ClpB
adopts a Brownian ratchet translocation mechanism and ultrafast pore-loop movements that occur more
rapidly than ATP hydrolysis may help drive polypeptide translocation [92]. In this work, the relative motion of
substrate-binding pore loops with respect to their NBDs was measured using single-molecule FRET [92]. The
pore loops exhibit large-amplitude fluctuations on the microsecond timeframe and change their conformation
upon substrate engagement and ATP hydrolysis, indicating that these motions might drive substrate transloca-
tion [92]. The ultrafast local Brownian ratcheting of pore-loops in combination of hand-over-hand motion
ClpB may explain the large discrepancy between the cryo-EM translocation model with a 2-AA step size and
the 14-AA translocation step size determined by single-molecule optical-trap [9,17,39,65]. Nonetheless, an
experimental determination of hand-over-hand motion of ClpB is still missing.

8 © 2022 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society
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Closing remarks

In our view, the direct measurements of Hspl04 or ClpB translocation remain insufficient to support the
hypothesis that Hspl04 or ClpB translocates substrate using an invariably identical mechanism to ClpA or
ClpX. Instead, when parallel experiments were performed side by side, using ClpAP and BAP-CIpP, transloca-
tion was only observed for ClpA but not BAP [30]. Moreover, Hsp104 adopts distinct disaggregation mechan-
isms in a substrate-dependent manner [23,45,93]. Cooperativity between subunits is not necessarily required to
disaggregate misfolded amorphous aggregates, but it is essential to disaggregate substrates with more stable
cross-f cores, such as Ure2 prions or o-synuclein amyloid [23,93]. This operational plasticity seems to rule out
an SC/2R as an exclusive mechanism that must always be utilized to drive disaggregation, although it could be
used in specific circumstances. We suggest that Hsp104 and other AAA+ proteins exhibit plasticity in response
to different substrates and may only work as processive translocases when needed.

Perspectives
e How hexameric, ring-shaped AAA+ proteins translocate polypeptide substrates remains
incompletely understood.

e Cryo-EM and single-molecule studies suggest distinct mechanisms of polypeptide
translocation.

e We suggest that AAA+ motors may adopt more than one translocation mechanism and are
tuned to switch to the most energetically efficient mechanism when constraints are applied.
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