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Abstract
Summary

E. coli ClpB, and S. cerevisiae Hsp104 are AAA+ motor proteins essential for proteome
maintenance and thermal tolerance. ClpB and Hsp104 have been proposed to extract a
polypeptide from an aggregate and processively translocate the chain through the axial
channel of its hexameric ring structure. However, the mechanism of translocation and if this
reaction is processive remains disputed. We reported that Hsp104 and ClpB are non-
processive on unfolded model substrates. Others have reported that ClpB is able to
processively translocate a mechanically unfolded polypeptide chain at rates over 240 amino
acids (aa) per second. Here we report the development of a single turnover stopped-flow
fluorescence strategy that reports on processive protein unfolding catalyzed by ClpB. We
show that when translocation catalyzed by ClpB is challenged by stably folded protein
structure, the motor enzymatically unfolds the substrate at a rate of ∼0.9 aa s-1 with a step-
size of ∼60 amino acids. We reconcile the apparent controversy by defining enzyme
catalyzed protein unfolding and translocation as two distinct reactions with different
mechanisms of action. We propose a model where slow unfolding followed by fast
translocation represents an important mechanistic feature that allows the motor to rapidly
translocate up to the next folded region or rapidly dissociate if no additional fold is
encountered.
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eLife assessment

This valuable study presents the development of a single turnover stopped-flow
fluorescence experiment to study the kinetics of substrate unfolding and
translocation by the bacterial ClpB disaggregase. Using non-physiological nucleotides
to bypass the physiological regulation mechanism of ClpB, the authors convincingly
show that the ClpB disaggregase is a processive motor with a slow unfolding step
preceding rapid translocation. The results of this analysis are of value for future
mechanistic studies on energy-dependent unfolding, degradation, and
disaggregation molecular machines.

https://doi.org/10.7554/eLife.99052.2.sa4

Introduction

ATPases associated with diverse cellular activities (AAA+) play essential roles in cell physiology,
such as proteome maintenance, membrane fusion, DNA replication, repair and recombination,
RNA processing, chromatin remodeling, and organelle biogenesis (1     -5     ). Across domains of
life, representative AAA+ molecular motors are essential for proteome maintenance (6     ). E. coli
ClpB and S. cerevisiae Hsp104 are AAA+ protein disaggregases that, in collaboration with co-
chaperones, resolve protein aggregates that form during heat shock or stress (7     -12     ).

ClpB, in collaboration with the cochaperones, DnaK, DnaJ, and GrpE (KJE) couple the energy from
ATP binding and hydrolysis to disruption of protein aggregates (7     , 9     , 10     , 12     ). However,
the molecular mechanisms of protein disaggregation and collaboration with cochaperones is not
fully understood. ClpB is proposed to couple ATP binding and hydrolysis to processive rounds of
protein unfolding and translocates the newly extracted polypeptide chain through the axial
channel of the hexameric ring structure of the motor. Once passed through the axial channel, in
the unfolded state, the polypeptide can refold or interact with co-chaperones that would aid in
protein refolding.

Two strategies have been developed to isolate the activity of ClpB without the need for the co-
chaperones, KJE. First, several “hyperactive” ClpB variants have been identified where single point
mutations in the motor relieve the need for the co-chaperones, e.g. ClpB(Y503D) (13     ). The other
strategy is using a mixture of ATP and the slowly hydrolysable ATP analogue, ATPγS. Wickner and
Coworkers discovered that a 1:1 mixture of ATP:ATPγS could activate ClpB in a manner that
alleviated the need to include the co-chaperones, KJE, thereby simplifying in vitro studies (14     ).

In those example in vitro experiments the polypeptide substrate being processed enters and leaves
the reaction with structural changes but no change in molecular weight because ClpB and Hsp104
are not proteases. This fact has limited our knowledge on the mechanisms of ClpB and Hsp104
catalyzed protein unfolding and translocation. This limitation contrasts with the homologous
AAA+ molecular motors, ClpA and ClpX (15     , 16     ), which processively unfold and translocate a
polypeptide into the proteolytic barrel of the associated ClpP. Thus, the product of the protein
unfolding and translocation reaction catalyzed by ClpA or ClpX is covalently modified by the
associated protease, ClpP. In turn, proteolytic fragments are used as a signal to report on
translocation.

https://doi.org/10.7554/eLife.99052.2
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To interrogate ClpB and Hsp104 catalyzed polypeptide translocation we developed and applied a
rapid mixing stopped-flow fluorescence method (17     , 18     ). In that work we used unstructured
polypeptides so that the time courses would reflect the kinetics of translocation and not protein
unfolding. Independent of substrate length we detected only two steps before the enzymes
dissociated from the unfolded polypeptides. Those results were interpreted to indicate that both
ClpB and Hsp104 exhibit low processivity (P between 0.37 and 0.61) during polypeptide
translocation of an unfolded chain (17     , 18     ). However, we could not rule out the possibility
that these motors might proceed through two slow steps followed by rapid translocation at a rate
that is outside the millisecond temporal resolution of the stopped-flow technique. It is also possible
that undetectable rapid translocation is followed by slow rate-limiting dissociation from the end.

Consistent with rapid translocation on an unfolded protein, Avellaneda et. al. reported
translocation rates for ClpB(Y503D) to be ∼240 and 450 aa s-1 on mechanically unfolded substrates
(19     ). However, neither their reported rates of ATP hydrolysis nor any published rates are
consistent with this hyper-fast translocation activity (20     ). Similarly, Mazal et. al. reported
ultrafast pore-loop dynamics and correlated this with rapid translocation of the unfolded κ-casein
substrate (21     , 22     ). Mazal et. al. acknowledged that these domain movements are substantially
faster than ATP turnover.

To examine enzyme catalyzed protein unfolding, Wickner and co-workers constructed RepA(1-70)-
GFP, which contains the N-terminal 70 amino acids of the phage P1 RepA protein followed by
Green Fluorescent Protein (GFP) (23     ). The N-terminal sequence of RepA serves as a binding site
for ClpB. They showed a loss of GFP fluorescence upon exposure of this construct to ClpB in the
presence of a 1:1 mixture of ATP:ATPγS (14     ), which was interpreted to indicate ClpB unfolded
GFP. They further showed no loss of fluorescence over a 45 minute time frame when only ATP or
only ATPγS was provided. It is important to note that loss of GFP fluorescence does not indicate
that the substrate was processively translocated after the unfolding event that led to loss of
fluorescence.

Our previous examinations of ClpB and Hsp104 were carried out on unstructured polypeptide
chains, so we interpret those results to reflect translocation and not protein unfolding (17     ,
18     ). Here we sought to develop a single turnover transient state kinetics approach to test for
processive unfolding catalyzed by ClpB. Inspired by the RepA(1-70)-GFP constructs made by
Wickner and coworkers (14     , 23     ) and the Titin I27 substrates used extensively by the Baker
and Sauer groups (24     ) we constructed RepA-TitinX, where X = 1, 2, or 3, see Fig. 1 A     . In these
constructs the first 70 amino acids of the RepA protein provide the binding site and are followed
by one, two, or three repeats of the Titin I27 domain. Each protein ends with a C-terminal cysteine
used for fluorescent labeling by maleimide chemistry.

Using the RepA-TitinX constructs, we report evidence of sequential and processive unfolding of the
tandem repeats of the stably folded Titin I27 domains. Surprisingly, we have also found that ATPγS
alone will support processive protein unfolding and translocation of these constructs. Because of
this we developed a sequential mixing stopped-flow strategy to separate and quantify the rates of
ATPγS and ATP:ATPγS driven protein unfolding. Here we report rates of protein unfolding in the
range of 1 – 4 amino acids (aa) s-1 and ∼60 aa are unfolded during each rate limiting unfolding
event. These rates of protein unfolding are approximately two orders of magnitude slower than
the reported translocation rates on unfolded polypeptide chains reported by others (19     , 22     ).
Thus, we propose that protein unfolding catalyzed by ClpB is rate-limiting and, upon unfolding,
translocation on the newly unfolded polypeptides is much faster than protein unfolding. Our
method reveals mechanistic insights into ClpB catalyzed protein unfolding that have been
inaccessible by other techniques. Importantly, our technology overcomes the barrier of needing
covalent modification to detect enzyme catalyzed protein unfolding and translocation by the

https://doi.org/10.7554/eLife.99052.2
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Figure 1

Single Turnover ClpB Catalyzed Protein unfolding. A) RepA(1-70)-Titin1 (Blue), RepA(1-70)-Titin2 (purple), RepA(1-70)-Titin3
(green). Each construct from N-to C-terminus consists of the first 70 amino acids of the Phage P1 RepA protein, a known
binding sequence for ClpB followed by tandem repeats of the Titin I27 domain separated by linkers. Each construct contains a
single cysteine shown in space-filling at the C-terminus that has been reacted with Alex Fluor (AF)-555. B) Schematic of steps
in forming pre-bound complex based on our previous work (26     -29     ). ClpB (black) is assembled into hexameric rings
competent for substrate binding by adding ATPγS, illustrated as bound to the RepA-Titin1 substrate in blue, followed by rapid
mixing with ATP. As shown, ClpB is expected to unfold the Titin I27 domains and translocate the newly unfolded substrates
through the axial channel of the hexameric ring. C) Schematic representation of stopped-flow. Syringe 1 contains the
indicated concentrations of ClpB monomer, ATPγS, and RepA-TitinX, where x = 1, 2, 3. Syringe 2 contains 400 μM ATP and 20
μM α-casein to serve as a trap for any free ClpB. The contents of the two syringes are rapidly mixed at a 1:1 mixing ratio and
flow into the observation channel where AF555 is excited at λex = 555 nm and emission is observed at λem >570 nm. D)
Representative time-course collected using strategy in (C) using RepA-Titin3 after pre-incubating the sample at 25 °C for 600
s. E) Successive experimental time-courses collected as in D. The total time of incubation before collection of the time-course
is indicated.

https://doi.org/10.7554/eLife.99052.2
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protein disaggregating machines. The approach can be broadly applied to the many AAA+ motors
that have been hypothesized to catalyze protein unfolding and translocation but do not covalently
modify the substrate on which they operate.

Results

Development of Single Turnover Protein Unfolding Method
To test for protein unfolding catalyzed by wild type (wt) ClpB, we engineered constructs containing
the N-terminal 70 amino acids of the RepA protein (14     , 25     ) followed by tandem repeats of the
Titin I27 domain. Each construct contains a single cysteine residue at the C-terminus labeled with
Alexa Fluor (AF) 555-maleimide, see Fig. 1 A     . The rationale for these constructs is that we can
preassemble ClpB into the biologically active hexamers in the presence of ATPγS (26     -28     ) and
bind the hexamer to the N-terminal RepA sequence, (29     ) see Fig 1 B      for schematic of
assembly and binding steps.

The pre-bound complex is loaded into Syringe 1 of the stopped-flow fluorometer. In the other
syringe is ATP and excess α-casein. The α-casein serves as a trap for any unbound ClpB, see Fig. 1
C      for schematic of stopped-flow setup. The contents of the two syringes are rapidly mixed
within 2 ms, AF555 is excited at λex = 555 nm, and emission is observed at λem > 570 nm.

After mixing, if ClpB processively unfolds the Titin I27 domain and translocates N to C, then, upon
arrival of ClpB at the AF555, we anticipate protein-induced fluorescence enhancement (PIFE)
(30     ), which has been reported to occur with AF555 (31     ). In addition, PIFE was tested using an
unstructured 50 aa polypeptide labeled with AF555. When ClpB binds this unstructured 50-mer,
PIFE is observed due to the close proximity of AF555 to ClpB, see Supp. Fig 1 (17     , 29     ).

Experiments were performed by stopped-flow mixing of 1.5 μM ClpB, 300 μM ATPγS, and 100 nM
RepA-Titin3 with 20 μM α-casein and 400 μM ATP, see Fig. 1 C      for mixing schematic. Upon
mixing, fluorescence emission from AF555 was monitored as a function of time, see Fig. 1 D     .
The time-course exhibits a lag phase followed by fluorescence enhancement and gradual loss of
signal. The lag is interpreted to indicate the time over which ClpB is unfolding the Titin I27
domains and translocating the newly unfolded polypeptide chain. The fluorescence enhancement
is interpreted to indicate arrival of the motor at the C-terminus and induction of PIFE followed by
loss of signal due to dissociation.

In these stopped-flow experiments, one fills the contents of the two syringes illustrated in Fig. 1
C      and collects multiple time-courses using the same sample upon successive mixing events. The
only difference from mixing event to mixing event is that the sample will have aged for the time it
took to collect the previous time-course/courses. Thus, the time-courses are expected to overlay
between mixing events if the contents of the two syringes are at chemical and thermal
equilibrium. Thermal equilibrium is achieved by maintaining contact with a temperature-
controlled water bath set to 25 °C and sufficient incubation time. Chemical equilibrium is judged
by comparing time-courses collected in succession.

Here we observed systematic deviation in the collected time-courses from mixing event to mixing
event, see Fig. 1 E      and a zoomed-in version of Fig 1      E shown in Supp. Fig 2. The first collected
time-course (dark blue) is labeled 600 s as the sample was first allowed to preincubate for 10
minutes to achieve thermal equilibrium before collection, see Fig. 1 D      and E     . Select,
subsequent time-courses are shown, and the total pre-incubation time is indicated, see Fig. 1      E
and Supp. Fig. 2. For each successive collection the lag time is getting shorter, the emergence of a
peak occurs earlier in time, and the magnitude of the peak is increasing. The latter is most
consistent with binding equilibrium not being fulling achieved. But the former two observations

https://doi.org/10.7554/eLife.99052.2
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suggest that the longer the samples are incubated the less time it takes before PIFE after mixing
with ATP. This phenomenon was also observed with RepA-Titin1 and RepA-Titin2, data not shown.
These observations suggest that ClpB is moving closer to the fluorophore during the pre-
incubation time.

We hypothesized that the variability observed in Fig. 1 E      and Supp. Fig. 2 was due to slow ATPγS
hydrolysis being coupled to protein unfolding and translocation catalyzed by ClpB. Consequently,
during the time between mixing events some pre-unfolding and pre-translocation from the N-
terminal binding site to the C-terminal fluorophore had already occurred in the syringe.

To test for ATPγS driven unfolding and translocation, we loaded ClpB pre-bound to RepA-Titin1 in
the presence of 300 μM ATPγS into Syringe 1 of the stopped-flow. In Syringe 2, we loaded 2 mM
ATPγS and 20 μM α-casein trap with no hydrolysable ATP, see Fig. 2 A     . The rationale for this
design is that, even though we anticipate pre-translocation due to the presence of 300 μM ATPγS,
we expect translocation to be accelerated upon mixing and increasing the total concentration of
ATPγS.

In the absence of hydrolysable ATP but in the presence of only ATPγS, the time-courses exhibit a
distinct lag, followed by a fluorescence enhancement, and a slow loss in signal, see Fig. 2 B     .
Consistent with translocation from the N-terminal RepA sequence to the C-terminal fluorophore
both the lag time and the time of appearance of the peak is observed to increase for each addition
of another Titin I27 domain, see Fig. 2 B     . This indicates that ClpB proceeds through an
increasing number of rate-limiting steps for each increase in substrate length.

If the observed peak in the time-courses for each RepA-TitinX substrate, in Fig. 2 B     , represent
arrival of ClpB at the C-terminal fluorophore then plotting the total length of the substrate vs.
emergence of the peak, termed “peak time”, should represent a classical kinematics position vs.
time plot. Fig. 2 C      shows the length of the substrate vs. the peak time from the time-courses in
Fig. 2 B     . As expected, substrate length vs. peak time exhibits a linear increase with a slope of
(0.098 ± 0.003) aa s-1 and an intercept of (71 ± 7) aa. From these observations we hypothesize that
the slope represents the rate of unfolding and translocation in the presence of a final mixing
concentration of 1.15 mM ATPγS and no ATP. We propose that the intercept represents the number
of amino acids pre-unfolded and pre-translocated in the presence of 300 μM ATPγS during the ten
minute pre-incubation time.

To further test ATPγS driven translocation, we performed a series of experiments where only ClpB
was loaded into Syringe 1 and, in Syringe 2 was loaded ATPγS and RepA-TitinX, see Supp. Fig. 3 A
for mixing schematic. In this setup, before PIFE can be observed, ClpB must bind ATPγS, assemble
into hexamers, bind to the RepA sequence, and initiate protein unfolding and translocation.
Importantly, these experiments may not be single turnover because the ClpB is not pre-bound to
the substrate and there is no trap for free ClpB, i.e. no α-casein. Nevertheless, the time-courses do
exhibit a lag phase that increases with increasing substrate length, followed by PIFE, and an
apparent plateau, see Supp. Fig. 3 B. As expected, when assembly and binding must occur before
protein unfolding and translocation can ensue the time-courses exhibit a longer lag and
undetectable dissociation after arrival at the fluorophore, compare time courses in Supp. Fig. 3 B
to Fig. 2 B     . In sum, all experiments in the presence of only ATPγS as an energy source reveal
that ClpB processively unfolds tandem repeats of Titin I27.

https://doi.org/10.7554/eLife.99052.2
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Figure 2

Test for ATPγS driven Protein Unfolding by ClpB. A) Mixing strategy as in Fig. 1 C      but with ATP replaced with 2 mM ATPγS in
Syringe 2. B) Time-courses collected using RepA-Titin1(blue), RepA-Titin2(purple), and RepA-Titin3(green) plotted as relative
fluorescence enhancement vs. time. The solid black line represents the best-fit line from fitting to Scheme 1, Fig. 4 A     . The
fitting parameters obtained are the unfolding rate constant, kU = (0.0042 ± 0.0003) s-1, and the kinetic step-size, m = 26 (21     ,
28     ) aa. C) length of substrate vs. peak time determined from B. The plot was fit to a linear equation to yield a slope = (0.098
± 0.003) aa s-1 and intercept of (71 ± 7) aa.

https://doi.org/10.7554/eLife.99052.2
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Figure 3

Sequential Mixing Stopped-Flow Strategy. A) Schematic representation of sequential mixing. Syringe 1 contains 8 μM ClpB
monomer, Syringe 2 contains 2 mM ATPγS and 200 nM RepA-TitinX, Syringe 3 contains 40 μM α-casein and 1 mM ATP. The
contents of Syringes 1 and 2 are mixed 1:1 in mixing chamber 1 leading to a concentration of 4 μM ClpB, 1 mM ATPγS, and
100 nM RepA-TitinX. The sample ages for a user-defined amount of time, Δt1, followed by rapid mixing with the contents of
Syringe 3. The sample flows into the observation channel at a final concentration of 2 μM ClpB, 50 nM RepA-TitinX, 500 μM
ATPγS, 500 μM ATP, and 20 μM α-casein. In the observation channel AF555 is excited at λex = 555 nm and emission is observed
at λem >570 nm. B) Representative time-courses from the average of five or more sequentially collected time-courses for
RepA-Titin1(blue), RepA-Titin2(purple), and RepA-Titin3(green) at Δt1 = 600 s. The black solid lines represent the best-fit line
from fitting to Scheme 1 (see Fig. 4 A     ). The fitting parameters obtained are kU = (0.017 ± 0.002) s-1 and m = (56.5 ± 0.7) aa.
C) Total length of substrate as a function of peak time determined for Δt1 = 300, 420, and 600 s. Solid lines represent weighted
linear fits yielding D) slope vs. Δt1 and E) the intercept vs. Δt1. All data points and error bars represent the average and
standard deviation determined from three replicates.

https://doi.org/10.7554/eLife.99052.2
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Development of Sequential Mixing Strategy to Control and
Quantify ATPγS Driven Protein Unfolding and Translocation
ClpB is pre-bound to the polypeptide chain to remove the kinetics of ClpB assembly and binding to
the protein substrate. This is important as we are seeking to acquire time-courses that are rate-
limited only by the kinetics of protein unfolding and/or translocation but not the kinetics of
hexamer formation or substrate binding.

Previously we reported that only ATPγS would support ClpB binding to the polypeptide and the
non-hydrolysable nucleoside triphosphate analogues, AMPPNP and AMPPCP could not substitute
for ATPγS (28     ). Consequently, we cannot eliminate the ATPγS pre-unfolding/pre-translocation if
we seek to have a pre-bound complex. Thus, we devised a sequential mixing strategy to account
for and control the pre-unfolding and translocation that occurs in the presence of ATPγS.

Sequential mixing stopped-flow allows for two mixing events, illustrated in Fig. 3 A     . In this
design we load 8 μM ClpB monomer into Syringe 1 and, in Syringe 2, we load 2 mM ATPγS and 200
nM RepA-TitinX, see Fig. 3 A      for mixing schematic. The contents of Syringes 1 and 2 are rapidly
mixed and allowed to age, without observation, for a user-defined amount of time, Δt1. In this
experiment, the Δt1 is the amount of time where ClpB will bind ATPγS, assemble into hexamers,
bind to RepA-TitinX and initiate some pre-unfolding and pre-translocation.

After Δt1 elapses the sample is rapidly mixed with the contents of the third syringe containing 40
μM α-casein and 1 mM ATP, see Fig. 3 A     . After the second mixing event the sample flows into the
observation chamber and fluorescence as a function of time, Δt2, is monitored. The final
concentrations after the two mixing events are 2 μM ClpB monomer, 50 nM RepA-TitinX, 500 μM
ATPγS, and 500 μM ATP. The final ratio of ATP to ATPγS was chosen because it has been shown that
ClpB exhibits its highest protein disaggregation activity and protein unfolding activity in the
presence of a 1:1 mix of ATP:ATPγS. Moreover, the 1:1 mix activates ClpB in the absence of the co-
chaperones, KJE (14     ).

A series of representative time-courses collected with Δt1 = 600 s are shown in Fig. 3 B     . As
expected, we observe a lag and a maximum fluorescence that increases in time with increasing
number of Titin I27 domains. Importantly, the representative time-courses in Fig. 3 B      for each
RepA-TitinX represent the average of five or more successive time-courses collected using the
same sample preparation. Thus, in this design, no variability between mixing events is detected
since ClpB and ATPγS has been pre-incubated for precisely the same amount of time, Δt1, for each
successive mixing event, see Supp. Fig. 4.

In all cases, the time courses collected with RepA-Titin2 exhibit higher peak max values compared
to RepA-Titin1 and RepA-Titin3. This is because all three substrates are fluorescently labeled to a
different labeling efficiency and thus there is a different proportion of labeled to unlabeled
substrate in each sample. ClpB will bind to both the labeled and unlabeled substrates and the
presence of unlabeled substrate will compete for binding with labeled substrate. RepA-Titin2
exhibits the highest labeling efficiency and thus the lowest concentration of unlabeled substrate to
compete for binding. Thus, time courses collected with RepA-Titin2 always exhibits the highest
peak max since the peak max is proportional to extent of binding, see discussion below.

In this sequential mixing design, ClpB will still pre-unfold and pre-translocate the substrate during
Δt1. To further control and account for ATPγS driven translocation, we varied Δt1 to be 300, 420,
and 600 s. The substrate length vs. peak time for each Δt1 is plotted and fit to a line, see Fig 3 C     .
The slope and intercept for each value of Δt1 is plotted in Fig. 3 D      and E     , respectively.

https://doi.org/10.7554/eLife.99052.2
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Figure 4

n-step sequential mechanism for 500:500 μM ATP:ATPγS. A) Proposed kinetic scheme for ClpB catalyzed protein unfolding
and translocation on RepA-TitinX substrates. Parameters B) kU C) m D) mkU obtained from fitting to scheme 1 at each Δt1 are
shown in solid black circles. The black solid line represents the best weighted fit line to a linear equation with zero slope to
yield the average value of the unfolding rate constant, kU = (0.017 ± 0.002) s-1, kinetic step-size, m = (56.5 ± 0.7) aa, and overall
rate, mkU = (0.89 ± 0.09) aa s-1.

https://doi.org/10.7554/eLife.99052.2
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Fig. 3 D      indicates that the rate is independent of Δt1 within the time range tested. The average
value from the plot in Fig. 3 D      is (0.9 ± 0.1) aa s-1 and is taken as the rate of translocation in the
presence of a 1:1 mix of ATP to ATPγS, in this case 500 μM:500 μM.

The intercept values from the fits in Fig. 3 C      increase linearly with increasing Δt1, see Fig. 3 E     .
We hypothesize that the intercept represents the number of amino acids pre-unfolded and pre-
translocated in the presence of 1 mM ATPγS during Δt1, which we term pre-translocated distance.
The slope of the pre-translocated distance vs. Δt1 yields a value of (0.09 ± 0.06) aa s-1, consistent
with the rate of translocation determined in only the presence of 1.15 mM ATPγS in Fig. 2     .
Interestingly, the weighted linear fit in Fig. 3      E yields an intercept of (48 ± 17) amino acids when
extrapolating to Δt1 = 0, see Table 1     . We interpret this number to represent the average number
of amino acids that are not involved in unfolding and translocation, which we will term the
excluded length. The excluded length may represent the number of amino acids that are in contact
with the motor but not part of the lattice to be translocated, the number of amino acids dangling
outside of the hexameric ring relative to the direction of translocation, or some combination of the
two, see Supp. Fig. 5 for schematic representation of these various distances.

Global Fitting of Length-Dependent Time-courses
Scheme 1, in Fig. 4 A     , represents an n-step sequential mechanism that we propose to describe
the experimental time-courses collected at each value of Δt1, see Fig. 3 B      for Δt1 = 600 s. Scheme
1 (see Fig. 4 A     ) shows ClpB pre-bound to a RepA-TitinX of substrate length, L. Upon mixing with
ATP the motor proceeds through n number of unfolding steps with rate constant kU. Each
intermediate is denoted as I(L-im), where L represents the total number of amino acids in the
substrate, i is the number of steps taken to arrive at a given intermediate, I, and m represents the
average number of amino acids unfolded between two rate limiting steps, i.e. the kinetic step-size.
The rate constant, kend, represents dissociation from the C-terminal end of the unfolded
polypeptide chain denoted as (RepA-Titinunfolded)L.

The observed total number of steps, n, is hypothesized to be proportional to the substrate length
divided by the kinetic step-size as n = L/m. To test this, the three time-courses were simultaneously
fit using Scheme 1 (see Fig. 4 A      and Equation 4     ) with kU constrained to be the same for all
three time-courses, i.e. global, and the number of steps, n, and kend local to each time-course. In
this analysis, we ascribe signal change to the last intermediate, I(L-nm), and the unfolded product,
(RepA-Titinunfolded), see Materials and Methods.

The determined number of steps as a function of substrate length is plotted in Supp. Fig. 6 A. The n
vs. L plot was fit to a line with a slope of (0.016 ± 0.002) steps aa-1 and an intercept of (−1.48 ± 0.42)
steps. As seen in Supp. Fig 6 A, the line of best fit exhibits an x-intercept of ∼93 amino acids. We
interpret the intercept to indicate that an average of ∼93 amino acids are pre-unfolded during Δt1
= 600 s. Consistently, the plot of pre-translocated distance vs. Δt1, in Fig. 3 E     , shows that the
average of the pre-translocated distance across three replicates collected with Δt1 = 600 s is ∼97
amino acids. This result suggests that ∼97 amino acids are pre-unfolded or pre-translocated in the
presence of ATPγS before mixing with ATP.

The simple relationship between the number of steps, n, and the substrate length, L, is n = L/m.
However, due to pre-translocated distance during Δt1, some of the total length of the substrate has
already been translocated. To account for this, we define the reduced length, L’ = (L – C), where C
represents the number of amino acids pre-translocated for a given Δt1. Thus, the number of steps,
n, is related to reduced length as n = (L – C)/m = L’/m, see Supp. Fig. 5 for schematic.

Thus, for all of the length-dependent time-courses collected with variable Δt1 the number of steps,
n in Eq. 5      was replaced with (L – C)/m, where C was determined independently for each
replicate, see Materials and Methods. The time-courses were simultaneously fit with m and kU as
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Table 1.

Parameters obtained from model-independent analysis
on experiments presented in Fig. 3      and Supp. Fig. 7.
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Figure 5.

Proposed mechanism of ClpB catalyzed protein unfolding and translocation. In the presence of ATPγS, hexameric ClpB binds
to the unfolded 70 amino acid long RepA sequence. Upon mixing with ATP, ClpB unfolds ∼60 amino acids with rate constant,
kU, shown as complete collapse of the first Titin I27 domain. ClpB then proceeds through multiple fast translocation steps
with rate constant kT before arrival at the next folded Titin I27 domain and the process repeats. After complete unfolding of
the final Titin I27 domain, ClpB may dissociate before arrival at the C-terminus, or rapidly translocate to the C-terminus
followed by slow dissociation with dissociation rate constant kend. We expect PIFE to occur the last unfolding step and/or at
the last translocation step; the relative intensities of AF555 represented by the size of the pink star.

https://doi.org/10.7554/eLife.99052.2
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global parameters and kend as a local parameter.

The rate constant describing dissociation, kend, was local to each time-course because we observed
local variability in this phase. This is not surprising as this phase represents dissociation and
fluorescence changes due to refolding. Although the impact on the signal due to dissociation is
likely the same for each substrate, the influence of refolding on the signal is probably not the same
because of the differences in total length.

The solid lines in Fig. 3 B      represent the best fit lines and indicate excellent agreement between
the model and the experimental time-courses. From the global fit of each of three replicates for
three Δt1 values we found the unfolding rate constant, kU, the kinetic step-size, m, and the overall
rate, mkU to all be independent of Δt1, see Fig. 4 B -D     . As a function of Δt1 we determined an
average kinetic step-size of m = (56.5 ± 0.7) aa step-1 indicating that ∼57 amino acids are unfolded
between two rate limiting steps with unfolding rate constant, kU = (0.017 ± 0.002) s-1, see Table
2     . The product of m and kU yields the overall rate of mkU = (0.89 ± 0.09) aa s-1, which is in
excellent agreement with (0.9 ± 0.1) aa s-1 determined from the peak time analysis in Fig. 3 D     .

Impact of the ATP:ATPγS Ratio on
Processive Unfolding and Translocation
To test the impact of different ATP:ATPγS mixing ratios, experiments were carried out as
schematized in Fig. 3 A      but with a lower concentration of ATPγS. As in Fig. 3 A     , 8      μM ClpB
was loaded into Syringe 1 but 600 μM ATPγS and 200 nM RepA TitinX substrate were loaded into
Syringe 2. Syringe 3, again, contains 1 mM ATP and 40 μM α-casein. Thus, after the two mixing
events, the final concentration of ATP and ATPγS were 500 μM and 150 μM, respectively, yielding
an approximately 3:1 ATP:ATPγS mixing ratio.

Supp. Fig. 7 A shows a series of representative time-courses for all three RepA-Titinx substrates at
fixed Δt1 = 600 s. The relative fluorescence enhancement value is approximately two-fold lower
and the time-courses exhibit larger fluctuations in the signal compared to time-courses collected at
1:1 ATP:ATPγS, compare Supp. Fig. 7 A to Fig 3 B     .

The amplitude of a single turnover experiment is directly proportional to the amount of bound
enzyme or the extent of binding, , given by Eq. 1      (32     ), where [ClpB6 -RepA -Tilinx]
represents hexameric ClpB bound to the RepA-TitinX substrate and [RepA – Tilinx]Total represents
the total amount of RepA-TitinX present in the experiment. In this single-turnover experiment, the
peak height is expected to be proportional to the amount of ClpB that arrived at the fluorophore
after mixing with ATP. However, the amount of ClpB that made it to the fluorophore is defined by
the processivity, P, given by Eq. 2     , where kU is as defined in Scheme 1 (see Fig. 4 A     ) and kd is
the rate constant for dissociation at each intermediate (32     ). Thus, the peak height is
proportional to the amount of ClpB initially bound,, times the processivity, P, or, given in Eqs. 1     
and 2     

The observed reduction in peak height upon reducing the [ATPγS] is consistent with less ClpB
bound, lower processivity, or both. Less ClpB bound is expected as we have shown that the
fraction of hexameric ClpB present in solution is a function of both ATPγS concentration and ClpB
concentration (26     , 27     ). Thus, less hexamer is present and able to bind the substrate at 150 μM
ATPγS compared to 500 µM ATPγS. However, reduced processivity at lower ATPγS may also be
contributing to the lower amplitude.
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Table 2.

Parameters obtained from global fitting the time-courses obtained
from experiments in Fig. 3      and Supp. Fig. 7 to Scheme 1 in Fig. 4 A     
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To determine the rate of ClpB catalyzed protein unfolding in the presence of approximately 3:1
ATP:ATPγS we repeated the experiment at different values of Δt1, plotted substrate length vs. peak
time, and performed the same peak time analysis as in Fig. 3     , see Supp. Fig. 7 B – D.

Interestingly, the rate of translocation in the presence of approximately 3:1 ATP:ATPγS is (4.3 ± 0.2)
aa s-1, see Supp. Fig. 7 C and Table 1     . This is ∼ 5 times faster than the ∼0.9 aa s-1 in the presence
of a 1:1 ATP:ATPγS, see Table 1     . This suggests that although, on the one hand, ATPγS activates
ClpB, ATPγS is also competing with ATP and slowing unfolding and/or translocation.

Supp. Fig. 7 D shows the intercept values (pre-translocated distance) from the fits in Supp. Fig. 7 B
plotted as a function of Δt1. The intercept, pre-translocated distance, increases with increasing
time, Δt1, again consistent with ATPγS driven pre-unfolding/translocation. The rate is ∼0.05 aa s-1,
which represents the rate of translocation in the presence of 150 μM ATPγS. Consistently, this is
slower than the ∼0.09 aa s-1 in the presence of 500 μM ATPγS although the values are within error.
Interestingly, the intercept in Supp. Fig. 7 D is ∼67 amino acids in the presence of 150 μM ATPγS,
which is larger than the ∼48 amino acids in the presence of 500 μM ATPγS. However, as can be
seen in Table 1     , this number has large uncertainty, presumably, due to the long extrapolation
back to Δt1 = 0.

The time-courses in Supp. Fig. 7 A were also subjected to global analysis using Scheme 1 in Fig. 4
A     . The resultant kinetic parameters as a function of Δt1 are shown in Supp. Fig. 8 A – C. From
this analysis we determined a kinetic step-size of m = (58 ± 4) aa step-1 indicating that at these
lower ATPγS concentrations we detect ∼58 amino acids to be unfolded between two rate limiting
steps with unfolding rate constant, kU = (0.055 ± 0.005) s-1. The overall rate of unfolding, mkU = (3.1
± 0.2) aa s-1, which is in reasonable agreement with (4.3 ± 0.2) aa s-1 determined from the peak
time analysis, see Tables 1      and 2     .

Discussion

Substantial evidence exists indicating that ClpA processively unfolds and translocates a
polypeptide through its axial channel, out the other side of its hexameric ring structures, and into
the proteolytic barrel of ClpP (33     , 34     ). Thus, by homology, it has been hypothesized that ClpB
and Hsp104 must employ the same mechanisms as ClpA. However, this has been difficult to test, in
part, because of the lack of covalent modification coupled to ClpB/Hsp104 catalyzed processing of
protein substrates. This means that when ClpB/Hsp104 processes a protein substrate, they do not
hand it off to an associated protease. Consequently, the substrate both enters and leaves the
reaction without covalent modification.

Evidence of processive protein unfolding
and translocation catalyzed by ClpB
In acknowledgment of the difficulty in detecting unfolding and translocation without covalent
modification, Weibezahn et al embarked on a clever protein engineering strategy to test for
threading through the axial channel of ClpB (35     ). In their strategy they constructed a variant of
ClpB that included the IGL loop from ClpA. The IGL loop is responsible for the interaction between
ClpA and ClpP. The rationale being that if ClpB was “forced” to interact with the protease, ClpP, and
if proteolytic fragments were detected then this must indicate that ClpB threads substrate through
the axial channel and into ClpP for proteolysis in the same way as ClpA.

Weibezahn et. al. reported mixing the intrinsically disordered protein, α-casein, ClpB with the IGL
loops added (ClpB(IGL)), ClpP, and ATP and observed the loss of the band representing α-casein on
an SDS-PAGE gel (35     ). However, using their construct, we showed faster loss of full length α-
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casein when this experiment was performed in the absence of ATP or any other energy source
(17     ), a control that was missing in the Weibezahn et al paper.

Cleavage in the absence of ATP calls into question what is being detected with the ClpB(IGL)
construct since one expects enzyme catalyzed protein translocation and subsequent threading into
ClpP to be an energy requiring process. Indeed, degradation is observed in the presence of ATP but
it is observed to be faster in the absence of ATP. Thus, one is left asking what proportion of the
observed degradation is energy dependent vs. energy independent. Equally important, the loss of
the α-casein band on a gel can occur from a single cleavage event. Thus, loss of the band does not
reveal if ClpB processively threaded the substrate into ClpP and multiple cleavage events occurred
or if only one cleavage event occurred.

Wickner and co-workers have shown that both ClpB and Hsp104 can induce a loss of GFP
fluorescence when GFP contains the first seventy amino acids of the RepA protein at the N-
terminus as a binding site (14     ). With those results in mind, we attempted to develop the
stopped-flow approach reported here using RepA-GFP. However, we observed loss of fluorescence
upon simply mixing ClpB/Hsp104 with RepA-GFP and ATPγS (data not shown). Under the
impression that ATPγS would only support assembly and binding but not ClpB catalyzed protein
unfolding, we interpreted those observations to indicate that, in the presence of only ATPγS, ClpB
bound to the junction and melted sufficient secondary structure to result in cooperative unfolding
of GFP and subsequent loss of fluorescence. After all, protein unfolding is often cooperative, thus
the motor may only need to destabilize some of the folded region of GFP to induce complete
unfolding (36     ). This led to questions about how we would determine the extent to which the
structured region must be unfolded before GFP fluorescence is extinguished in a single turnover
experiment. Thus, the RepA-GFP construct was abandoned.

Development of transient state kinetics approach
to examine the elementary steps in enzyme
catalyzed protein unfolding and translocation
Our objective has been to develop a single turnover stopped-flow method that would report on the
elementary kinetic steps in a single-round of enzyme catalyzed protein unfolding and
translocation. We have been seeking to quantify the elementary rate constants, kinetic step-sizes,
and processivity for the protein disaggregating machines, ClpB and Hsp104. To this end, we
previously applied the single turnover stopped-flow approach that used unfolded polypeptides
ranging in length between 30 and 50 amino acids as well as truncations of the unstructured
protein α-casein of lengths up to 127 amino acids. Based on the observations of Doyle et al (14     )
we used a mix of ATP and ATPγS to activate the motor as we have done here (17     , 18     , 25     ).

Importantly, we define protein unfolding and translocation as two kinetically distinct processes.
Thus, when using unstructured polypeptide chains we interpret the results to represent
polypeptide translocation and not enzyme catalyzed protein unfolding. Using the stopped-flow
approach with unstructured polypeptides we observed that both ClpB and Hsp104 proceeded
through two rate-limiting steps before rapid dissociation, independent of the substrate length
provided (17     , 18     ). From those observations we proposed that ClpB and Hsp104 are non-
processive translocases on unstructured polypeptides, P ∼ 0.6, see Equation 2     . However, we
acknowledged, for both enzymes that we could not rule out the possibility that we were only
detecting two slow steps either before or after fast translocation that was outside the temporal
resolution of the stopped-flow, i.e. millisecond resolution.

Avellaneda et. al. reported fast and processive translocation of mechanically unfolded Maltose
Binding Protein (MBP) using optical tweezer measurements and a “hyper-active” variant of ClpB
that does not require ATPγS to be activated (13     , 19     ). In their approach they attached the N-
and C-terminus of MBP to polystyrene beads and optically trapped each bead. The protein was
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then mechanically unfolded by increasing the distance between the two optically trapped beads
and then 1 μM ClpB(Y503D) was added. Upon adding ClpB(Y503D) and ATP they report rapid
reduction in the distance between the two beads. From this measurement, they report ClpB
translocates on the unfolded polypeptide chain at rates of ∼250 and 450 aa s-1. As we have
expressed elsewhere, it is not clear if these rates represent the activity of a single ClpB hexamer
(20     ). However, if correct, the values should be interpreted as a rate of translocation on an
unfolded polypeptide chain and not a rate for protein unfolding.

Here we report a rate of ∼3.1 and 0.9 aa s-1 for enzyme catalyzed protein unfolding of tandem
repeats of the Titin I27 domain in the presence of 500 μM ATP and either 150 or 500 μM ATPγS,
respectively. These rates are two orders of magnitude slower than what was reported by
Avellaneda et. al. (19     ), consistent with translocation and protein unfolding being kinetically
distinct processes. Indeed, the measurement here are in the presence of ATPγS but the increase in
rate from ∼0.9 to 3.1 with a reduction in ATPγS by a factor of 3.3 is not suggesting that the rate will
increase by two orders of magnitude if ATPγS was absent. Rather, we hypothesize that what we
are detecting is rate-limited protein unfolding followed by undetectably fast translocation up to
the next folded region and then the process repeats. However, whether or not the rates of
translocation between unfolding events are as fast as reported by Avellaneda et al requires further
testing (20     ).

The rate-limiting protein unfolding of the Titin I27 domains followed by rapid translocation has
not been reported for ClpAP and ClpXP. Olivares et al, using optical tweezer approaches with
similar Titin I27 domains used here, reported rate limiting translocation after fast protein
unfolding for both ATP dependent proteases, ClpAP and ClpXP (37     ). They observed a dwell time
preceding protein unfolding of ∼0.9 and ∼0.8 s for ClpXP and ClpAP, respectively. The inverse of
this can be taken as the rate constant for protein unfolding and would yield a value of ∼1.2 s-1,
which is in good agreement with our observed rate constant of ∼0.9 – 3 s-1 depending on the
ATP:ATPγS mixing ratio. For ClpB, we propose that the slow unfolding is followed by rapid
translocation on the unfolded chain where translocation by ClpB must be much faster than for
ClpAP and ClpXP.

Importantly, using single turnover stopped-flow experiments we showed that ClpAP and ClpA
exhibited different translocation mechanisms including overall rate, rate constants, and kinetics
step-sizes on unfolded polypeptide chains. We interpreted those differences to indicate that ClpP
allosterically impacts the translocation mechanism employed by ClpA (38     , 39     ). Thus, ClpA and
ClpAP should be considered different enzymes. Consequently, it is not surprising that ClpA and
ClpB would exhibit marked differences in their mechanisms of protein unfolding and
translocation.

Interpretation of the kinetic step-size
From the model independent peak time analysis, we determined an overall rate of protein
unfolding. However, the rate of protein unfolding is a convolution of the number of amino acids
unfolded per step and the rate constant defining that step. From global analysis we can
deconvolute the rate constant and step-size from the overall rate thereby extracting additional
information about the elementary mechanism.

From global fitting of the stopped-flow time courses to an n-step sequential mechanism we report
a kinetic step-size of ∼57 and ∼58 amino acids per step at 1:1 and ∼3:1 ATP:ATPγS, respectively.
Importantly, the kinetic step-size represents the average number of amino acids unfolded or
translocated between two rate-limiting steps. In contrast to the kinetic step-size, we would define a
mechanical step-size as the physical distance the motor translocates on the polypeptide chain.
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In some cases, the kinetic step-size and mechanical step-size may be the same. For example, we
reported a kinetic step size for ClpAP to be ∼5 amino acids per step (38     ). From optical tweezer
experiments it was later reported that ClpAP exhibited a mechanical step-size of 4-8 amino acids
per step (40     ), indicating that the same process was being monitored in both experimental
approaches.

Here we conclude that it is unlikely that ClpB physically traverses 56 – 58 amino acids in a single
step. So, what is the meaning of this kinetic step-size? The magnitude must be governed by the
structural properties of both the motor and the substrate being unfolded and translocated. From
cryo-EM structures of ClpB bound to unfolded polypeptide chains, ∼ 26 amino acids span the axial
channel of the hexameric ring (41     ). It seems unlikely that the motor would traverse 26 amino
acids in a single step but the full length of the axial channel or 26 aa could be considered an upper
limit on mechanical stepping. Nevertheless, the large kinetic step-size observed here, taken with a
substantially slower rate on a folded compared to an unfolded polypeptide, suggests rate-limited
protein unfolding of ∼60 amino acids followed by rapid translocation that is outside of the
millisecond temporal resolution of the stopped-flow. That is to say ClpB must apply force to the
folded structure that results in the cooperative collapse of ∼60 amino acids or nearly a full Titin
I27 domain of 98 amino acids followed by rapid translocation up to the next folded domain, see
Fig. 5     .

A mechanical translocation step-size of 2 amino acids per step has been proposed from many cryo-
EM structures of AAA+ motors bound to polypeptide substrates (42     , 43     ). This is based on the
distance between polypeptide contacts across the axial channel of the motor. However, to our
knowledge, an experimental determination of a mechanical step-size as small as two amino acids
per step has yet to be reported. Nevertheless, rate-limiting protein unfolding of ∼60 amino acids
followed by fast translocation in small sub-steps remains a model to be tested.

Quantification of unfolding vs. translocation processivity
The conclusion that ClpB is a non-processive translocase on unfolded polypeptide chains was
based on the lack of any detectible length-dependence in the time-courses (17     ). The collected
time courses were most consistent with two-step dissociation. Here, we have shown that ClpB is
able to unfold up to three tandem repeats of stably folded Titin I27 domains with a total substrate
length of 362 amino acids. This indicates that, after unfolding the substrate, ClpB exhibits a
translocation processivity of at least N = 362 amino acids, where N is defined as the processivity in
the number of amino acids translocated per binding event.

The processivity, N, in number of amino acids is related to the processivity as a probability, P, as
defined in Eq. 3     , where m is the step-size (32     ).

Since the relationship between the probability processivity, P, and the number processivity, N,
requires knowledge of the step-size, m, we can approximate the processivity, P, for translocation in
the presence of fold to be in the range of P = 0.994 to P = 0.946 for a step-size between 2 and 20
amino acids, respectively, since we do not know the translocation step-size with certainty. In
contrast, if we use a step-size of ∼60 amino acids, which we interpret as a protein unfolding step-
size, in Eq. 3      then P = ∼ 0.85. Thus, these differences in processivity may suggest that when ClpB
is challenged by stably folded regions the processivity for this process is reduced. Thus, going
forward, it will be interesting to determine how processivity relates to stability of the folded
regions.

One explanation for the apparent disparity between this study and our previous work is that the
previous lack of structure in the substrate may serve to signal ClpB to dissociate. If this were the
case then after ClpB unfolds the last ∼60 amino acids and no more folded structure is down
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stream of the motor then one would expect ClpB to dissociate. However, given that the PIFE
distance is 0 – 3 nm (44     ), detecting PIFE is consistent with ClpB being within ∼12 amino acids of
the C-terminus before dissociation. This predicts that some number of translocation steps do occur
on the unstructured polypeptide after complete unfolding of the final Titin I27 domain.

Another explanation is because ATPγS supports processive protein unfolding, it is possible that
ATPγS driven translocation obscured the observation of a length-dependence in our previous
studies. If ClpB was coupling ATPγS hydrolysis to processive rounds of translocation during the
pre-incubation time on the stopped-flow then one would expect that, upon rapid mixing with ATP,
the motor proteins would be randomly distributed on the polypeptide substrates. We know from
studies on ssDNA translocases that random binding to the lattice to be translocated will still lead to
the observation of a length dependence in a single turnover stopped-flow experiment (45     ,
46     ). Thus, if randomly bound motor on the peptides was the state of the system upon rapid
mixing with ATP then we would predict the observation of a length dependence that we did not
previously detect (17     ).

Alternatively, in the pre-incubation syringe, if ClpB used ATPγS to translocate up to the
fluorophore and stalled at the end until rapid mixing with ATP that induced dissociation, then this
situation could lead to the apparent non-processive translocation behavior previously reported. If
this model is correct then the dissociation rate constant detected here, kend, should be equivalent
to the reported rate constants for dissociation from unstructured substrates. Here we observe
dissociation from the end to range from kend = 0.01 – 0.15 s-1 at 1:1 ATP:ATPγS and from our
previous report we detected dissociation from the unstructured substrates to be between 0.03 –
0.15 s-1. These numbers are in good agreement and may indicate that, in our previous study, we
only detected dissociation from the end due to a stalled motor at either the N-or C-terminus.
However, the experiments performed in the presence of only ATPγS, shown in Fig. 2 B     , show a
loss in signal consistent with the eventual dissociation of ClpB after arrival at the fluorophore.
Thus, the time-courses reported here are consistent with slow dissociation from the end.

We propose that the best explanation is that ClpB rapidly translocates on unfolded polypeptide
chains so fast that, on unfolded substrates, we only detect two slow dissociation steps. With the
agreement between the rates of dissociation from the end of the substrates reported here and the
values previously reported from unstructured polypeptides,(17     ) we favor a model where rapid
translocation is followed by slow dissociation from the end, see kend in Fig. 5     . This
interpretation is most consistent with recent reports on unfolded polypeptides (19     , 21     , 22     ).

We interpret the results reported here to indicate that protein unfolding is rate limiting, see ku in
Fig. 5     , and ∼60 amino acids are unfolded between two rate limiting steps at the ATP/ATPγS
concentrations used. Each Titin I27 domain is 98 amino acids so a step-size of ∼60 amino acids is
less than one full domain. But a complete examination of the ATP concentration dependence of the
kinetic step-size is underway. Thus, it remains possible that at elevated ATP more structure could
be unfolded. Nevertheless, it is interesting to note that Oberhauser et al reported that tandem
repeats of the Titin I27 domain were unfolded in steps of 22 nm when pulled using AFM
experiments (47     ). If one uses 0.34 nm per amino acid then the AFM experiments reveal ∼65
amino acids unfolded per step in good agreement with the kinetic step-size reported here.

More substantial work is needed to fully understand the mechanisms of ClpB catalyzed protein
unfolding and translocation. Several methods have been developed to examine the reactions
catalyzed by ClpB in the absence of the co-chaperones, KJE. Here we have used a mixture of ATP
and ATPγS, which is one of the methods (14     ). However, applying our approach to the hyper-
active variants is of interest, e.g. ClpB(Y503D). In addition, further development of the sequential
mixing approach that will allow us to include the full complement of co-chaperones, KJE, is
underway (25     ).
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Here we interpret our results to indicate that protein unfolding is rate-limiting and translocation is
fast, see Fig. 5     . This predicts differences in the rate and kinetic step-size depending on the
stability of the fold presented to the motor. With the establishment of the sequential mixing
approach developed here we are well positioned to address this question.

Moreover, we are now positioned to address questions on directionality and processivity that have
been out of our reach for motors like ClpB and Hsp104. Further, by interrogating the impact of
protein stability on mechanical unfolding rates, rate constants, and step-sizes we may acquire
insights into protein folding that complements common techniques such as chemical denaturation
and heat denaturation. Moreover, how ATP hydrolysis is coupled to the reaction detected and the
role of Domain 1 and Domain 2 ATP binding and hydrolysis sites remain to be interrogated.
Nevertheless, the work presented here has opened the door to answering these questions and
many more about the fundamental reactions catalyzed by protein disaggregating machines and
their role in protein homeostasis. With that in mind, so long as one can define a binding sequence,
this approach can be broadly applied to the many AAA+ molecular motors that do not modify the
substrates they process.

Materials and Methods

Buffers and reagents
Buffers were prepared with reagent-grade chemicals using 18 MΩ deionized water from a Purelab
Ultra Genetic system (Evoqua, Warrendale, PA). Buffer H200 contains 25 mM HEPES, pH = 7.5 at 25
°C, 10 mM MgCl2, 200 mM NaCl, 2 mM 2-mercaptoethanol and 10 % (v/v) Glycerol. E. coli ClpB was
purified as described (30     ). All ClpB concentrations are reported in monomer units. ATP and
ATPγS were purchased from Thermo Fischer Scientific (Waltham, MA) and CalBiochem (La Jolla,
CA), respectively. Both ATP and ATPγS were dialyzed into H200 using 100-500 Da molecular weight
cut-off dialysis tubing (Thermo Fischer Scientific, Waltham, MA). α-casein was purchased from
Sigma-Aldrich (Darmstadt, Germany), dissolved in 6 M Guanidine hydrochloride, 20 mM HEPES,
pH 7 at 25 °C, and dialyzed into H200 using 10 kDa molecular weight cut-off dialysis tubing
(Thermo Fischer Scientific, Waltham, MA).

Purification of RepA-Titinx
The His6-RepA-TitinX proteins are composed of an N-terminal 6 His tag with a thrombin cleavage
sequence for tag removal (MGSSHHHHHH SSGLVPRGSH). The 6 His tag is followed by the first 70
amino acids of the phage P1 RepA protein (MNQSFISDIL YADIESKAKE LTVNSNNTVQ
PVALMRLGVF VPKPSKSKGE SKEIDATKAF SQLEIAKAEG) (24     ). For RepA-Titin1 the RepA
sequence is directly connected to the Titin I27 domain (PDB ID: 2RQ8)(25     ) with all native
cysteine residues changed to alanine and the final sequence is given by MLIEVEKPLY
GVEVFVGETA HFEIELSEPD VHGQWKLKGQ PLAASPDAEI IEDGKKHILI LHNAQLGMTG EVSFQAANT
KSAANLKVKE L. Additional Titin I27 domains are connected with an eight residue linker,
RSKLGTRM. Each construct contains a single cysteine at the C-terminus for fluorescent
modification. The genes encoding for RepA(1-70)TitinX were constructed and cloned into the
pET28a vector by Genscript (Piscataway, NJ). The total substrate lengths are 168, 265, and 362
amino acids for RepA-Titin1, RepA-Titin2, RepA-Titin3, respectively.

The pET28a plasmids were transformed into ΔClpPWT-BL21 cells using electroporation (48     ).
ClpPWT knockout BL21(DE3) cells, ΔClpPWT-BL21, were constructed using recombineering (49     ).
ClpPWT gene in BL21(DE3) genome was substituted with an Ampicillin cassette similar to what has
been done earlier with ΔClpAWT-BL21(DE3) cells (50     ). The ΔClpPWT-BL21 cells were grown in LB
Miller growth media (Thermo Fischer Scientific, Waltham, MA) containing 100 μg/mL Ampicillin.
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ΔClpPWT-BL21 cells were grown to mid-log growth and induced with 1 mM IPTG to express His6-
RepA-Titinx. The cell paste was suspended in cell lysis buffer [40 mM Tris pH 7.5 at 4 ºC, 20 mM
Imidazole, 500 mM NaCl, 2 mM 2-mercaptoethanol, 10 % (w/v) sucrose, 20 % (v/v) glycerol]. Cells
were lysed using a French Press at 4 ºC. DNase I (Thermo Fischer Scientific, Waltham, MA) and
RNase A (Thermo Fischer Scientific, Waltham, MA) were added to the lysate and incubated at 4 ºC
for 15 minutes. Cell debris was pelleted by centrifugation for 120 minutes at 28,000 g and 4 °C in a
ThermoScientific Fiberlite F14-6×250 rotor. His6-RepA-Titinx was in the soluble fraction of the
lysate.

Isolation of His6-RepA-Titinx started with batch purification. The soluble fraction was added to
HisPur™ Ni-NTA resin (Thermo Fischer Scientific, Waltham, MA) and incubated with rocking for
75 minutes at 4 ºC. The resin was subsequently washed with 5-10 column volumes of binding
buffer (40 mM Tris, pH 7.5 at 4 ºC, 20 mM Imidazole, 500 mM NaCl, 2 mM 2-mercaptoethanol, 10 %
(v/v) glycerol). The resin was then incubated with 1 column volume of elution buffer (40 mM Tris,
pH 7.5 at 4º C, 500 mM Imidazole, 500 mM NaCl, 2 mM 2-mercaptoethanol, 10%(v/v) glycerol) for 1
hour at 4º C on a rocker. The slurry, comprising the resin and the elution buffer was altogether
poured into a gravity column and incubated for 10 minutes to form a resin bed. His6-RepA-Titinx
bound to the resin was expected to elute with the elution buffer i.e. under high Imidazole
conditions. Fractions of 1 mL were collected from the gravity column. Further the resin bed was
washed with 5-10 column volumes of elution buffer to elute any remaining His6-RepA-TitinX from
the resin. Fractions containing His6-RepA-TitinX were identified using a NuPAGE™ gel (Thermo
Fischer Scientific, Waltham, MA) with Coomassie staining. The fractions of interest were dialyzed
into Thrombin digestion buffer (20 mM Tris, pH 7.5 at 4 ºC, 150 mM NaCl, 2.5 mM CaCl2) using a 10
kDa cutoff dialysis tubing (Thermo Fischer Scientific, Waltham, MA).

His6-RepA-Titinx was subjected to Thrombin protease (Sigma Aldrich, Burlington, MA) following
the manufacturer’s protocol. The protein sample was passed through His Trap™ FF crude column
(GE Healthcare, Piscataway, NJ). We expected the undigested protein to remain bound to the
column. After washing the column with the digestion buffer, RepA-Titinx was washed out with the
binding buffer. All the fractions of interest were pooled together and dialyzed into a low salt
buffer (20 mM Tris, pH 7.5 at 4 ºC, 20 mM NaCl, 2 mM 2-mercaptoethanol). Further, the protein
sample was passed through a Hi-Trap Q-Sepharose FF crude (GE Healthcare, Piscataway, NJ)
column. The column was washed with a linear gradient of low salt and high salt buffer (20 mM
Tris, pH 7.5 at 4 ºC, 1 M NaCl, 2 mM 2-mercaptoethanol) starting with 100% low salt buffer (20 mM
NaCl) and moving gradually to 100% high salt buffer (1 M NaCl). RepA-Titinx eluted at low salt
conditions. The fractions of interest were dialyzed into labeling buffer (20 mM HEPES, pH= 7.5 at 4
ºC, 50 μM TCEP).

Labeling of C-terminal Cysteine on RepA-Titinx was carried out using a C2-maleimide reaction with
Alexa Fluor™ 555 fluorophore (Invitrogen, Waltham, MA) following the manufacturer’s protocol
except 3 (fluorophore) : 1 (protein) molar excess. After labeling, RepA-Titinx-Alexa Fluor 555 along
with free Alexa Fluor 555 was dialyzed into the H200 buffer. Free Alexa Fluor 555 was then
separated from RepA-Titinx-Alexa Fluor 555 using a HiPrep 26/10 desalting column (GE
Healthcare, Piscataway, NJ). The labeled protein sample was dialyzed into storage buffer (40 mM
Tris, 500 mM NaCl, 2 mM 2-mercaptoethanol, 10%(v/v) glycerol, 2 mM EDTA) and stored at -80 ºC.
The labeling efficiency of RepA-Titinx-Alexa Fluor 555 in H200 buffer was observed to be 65-100%.
The reported concentrations of RepA-Titinx substrates are determined spectrophotometrically by
measuring the absorbance of Alexa Fluor 555 at 555 nm and using an extinction coefficient of 158
000 M-1 cm-1.

https://doi.org/10.7554/eLife.99052.2


Jaskamaljot Kaur Banwait et al., 2024 eLife. https://doi.org/10.7554/eLife.99052.2 23 of 40

Structures of RepA-Titinx
The raw structures of RepA-TitinX with X = 1, 2, or 3 obtained from simulations using AlphaFold
are shown in the supplemental materials (51     ). Starting from the N-terminus, the first 70 amino
acids represent the N-terminus of the Phage P1 RepA protein. AlphaFold predicted low confidence
on α helices present in the RepA 1 – 70 sequence, see supplemental. This is consistent with
previous reports that this sequence is not likely structured (23     , 52     , 53     ). Thus, we used
‘Sculpting’ function in Schrodinger (54     , 55     ) to unfold the α helices in the RepA sequence in
the AlphaFold predicted structures to yield the structures shown in Fig. 1 A     . The TitinI27
regions are predicted to have folded β sandwich structure consistent with the published structure
(PDB ID: 2RQ8) (56     ). The connectors between tandem repeats of TitinI27 are predicted to be
unstructured as shown in both supplemental materials and Fig. 1     . Cysteine is shown in space-
filling at the C terminus of each substrate. Alexa Fluor 555 is attached to the C-terminal Cysteine,
not shown.

Standard mixing stopped-flow experiments
ClpB and RepA-TitinX were dialyzed into H200 buffer using 50 kDa and 10 kDa molecular weight
cutoff dialysis tubing, respectively. The experiments were performed on an SX20 Applied
Photophysics stopped-flow fluorometer (Leatherhead, U.K.) under standard mixing set-up at 25 °C
as shown in Fig. 1 C     .

1.5 μM ClpB was incubated for 5 minutes with 300 μM ATPγS to form the active hexameric
complex and subsequently incubated for 10 minutes with 100 nM RepA-Titinx substrate to form
the pre-bound complex. The pre-bound complex was loaded into Syringe 1 and 400 μM ATP and 20
μM α-casein into Syringe 2 of the apparatus. All the components are diluted two-fold upon mixing.
Before collection of the first shot, the observation channel was thoroughly washed with the
solutions of each syringe to equilibrate the instrument. For comparing the relative increase in
fluorescence signal across RepA-Titinx substrates, processing of raw time-courses were done using
Eq 4     .

where  is the average of the first few constant raw fluorescence data points and Ft is raw
fluorescence signal at a given time.

Sequential mixing stopped-flow experiments
8 μM ClpB was rapidly mixed with 2000 μM ATPγS and 200 nM RepA-Titinx substrate. After mixing,
the reagents incubate in the ageing loop for a user-defined period of time, Δt1. 1000 μM ATP and 40
μM α-casein in Syringe 3 were rapidly mixed with the pre-bound complex of ClpB with RepA-Titinx
formed during sequential mixing in ageing loop, see Fig. 3 A     . All the components in Syringes 1
and 2 are diluted four-fold when present in the observation chamber while components in Syringe
3 are diluted two-fold. In the observation channel, Alexa Fluor 555 is excited at 555 nm and the
emission signal is collected using a 570 nm long pass filter.

Determination of reduced length
For each set of time-courses collected using RepA-TitinX, we plot total length versus peak time. The
intercept of this plot is C, which is the sum of pre-translocated distance with ATPγS and excluded
length. Excluded length is defined as the sum of dangle distance and occluded length, see Supp.
Fig. 5. So, we subtract C from total length, L to get reduced length of substrate, L’. L’ is the available
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length for ClpB to translocate and unfold. To note, C is determined individually for each replicate
at a particular Δt1. The average values of C at different Δt1’s are shown in Fig. 3 E      and Supp. Fig.
7 D.

Model dependent analysis of the experimental time-courses
The time-courses were fit using the custom built MATLAB(Mathworks, Natick, MA) toolbox,
MENOTR(57     ). Eq 5      described the data set for each RepA-Titinx and the resultant kinetic
parameters are described in table 2     . Out of all parameters, kU and m were fit globally across
each RepA-TitinX.

Where F1 and F2 are two fluorescence amplitudes for the last intermediate, I(L-nm) and unfolded
RepA-Titinx respectively, s is the Laplace variable and other kinetic parameters are defined as per
scheme 1, see Fig. 4 A     .

Acknowledgements

We thank Elizabeth Duran, Clarissa Durie, and members of the Lucius lab for their critical
discussions of the results and the manuscript. This work was supported by the National Science
Foundation (grant NSF MCB-1412624 to A.L.L.). Computational work was performed using the UAB
High Performance Computing (HPC) Cheaha, which is supported in part by the National Science
Foundation under Grants No. OAC-1541310, the University of Alabama at Birmingham, and the
Alabama Innovation Fund.

Declaration of interest

A.L.L. and J.B. are consultants for Nitrase Therapeutics.

https://doi.org/10.7554/eLife.99052.2


Jaskamaljot Kaur Banwait et al., 2024 eLife. https://doi.org/10.7554/eLife.99052.2 25 of 40

References

Ogura T., Wilkinson A. J. (2001) AAA+ superfamily ATPases: common structure--diverse
function Genes Cells 6:575–597

Snider J., Thibault G., Houry W. A. (2008) The AAA+ superfamily of functionally diverse
proteins Genome Biol 9

Shorter J., Houry W. A. (2018) Editorial: The Role of AAA+ Proteins in Protein Repair and
Degradation Front Mol Biosci 5

Seraphim T. V., Houry W. A. (2020) AAA+ proteins Curr Biol 30:R251–R257

Neuwald A. F., Aravind L., Spouge J. L., Koonin E. V. (1999) AAA+: A class of chaperone-like
ATPases associated with the assembly, operation, and disassembly of protein complexes
Genome research 9:27–43

Erzberger J. P., Berger J. M. (2006) Evolutionary relationships and structural mechanisms of
AAA+ proteins Annual review of biophysics and biomolecular structure 35:93–114

Doyle S. M., Hoskins J. R., Wickner S. (2007) Collaboration between the ClpB AAA+
remodeling protein and the DnaK chaperone system Proc Natl Acad Sci U S A 104:11138–
11144

Glover J. R., Lindquist S. (1998) Hsp104, Hsp70, and Hsp40: a novel chaperone system that
rescues previously aggregated proteins Cell 94:73–82

Goloubinoff P., Mogk A., Zvi A. P., Tomoyasu T., Bukau B. (1999) Sequential mechanism of
solubilization and refolding of stable protein aggregates by a bichaperone network Proc
Natl Acad Sci U S A 96:13732–13737

Motohashi K., Watanabe Y., Yohda M., Yoshida M. (1999) Heat-inactivated proteins are
rescued by the DnaK.J-GrpE set and ClpB chaperones Proc Natl Acad Sci U S A 96:7184–7189

Shorter J., Lindquist S. (2008) Hsp104, Hsp70 and Hsp40 interplay regulates formation,
growth and elimination of Sup35 prions The EMBO journal 27:2712–2724

Zolkiewski M. (1999) ClpB cooperates with DnaK, DnaJ, and GrpE in suppressing protein
aggregation A novel multi-chaperone system from Escherichia coli. J Biol Chem 274:28083–28086

Oguchi Y., et al. (2012) A tightly regulated molecular toggle controls AAA+ disaggregase
Nature structural & molecular biology 19:1338–1346

Doyle S. M., et al. (2007) Asymmetric deceleration of ClpB or Hsp104 ATPase activity
unleashes protein-remodeling activity Nature structural & molecular biology 14:114–122

Olivares A. O., Baker T. A., Sauer R. T. (2018) Mechanical Protein Unfolding and Degradation
Annu Rev Physiol 80:413–429

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

https://doi.org/10.7554/eLife.99052.2


Jaskamaljot Kaur Banwait et al., 2024 eLife. https://doi.org/10.7554/eLife.99052.2 26 of 40

Duran E. C., Weaver C. L., Lucius A. L. (2017) Comparative Analysis of the Structure and
Function of AAA+ Motors ClpA, ClpB, and Hsp104: Common Threads and Disparate
Functions Front Mol Biosci 4

Li T., et al. (2015) Escherichia coli ClpB is a non-processive polypeptide translocase The
Biochemical journal 470:39–52

Durie C. L., et al. (2019) Hsp104 and Potentiated Variants Can Operate as Distinct
Nonprocessive Translocases Biophys J 116:1856–1872

Avellaneda M. J., et al. (2020) Processive extrusion of polypeptide loops by a Hsp100
disaggregase Nature https://doi.org/10.1038/s41586-020-1964-y

Lin J., Shorter J., Lucius A. L. (2022) AAA+ proteins: one motor, multiple ways to work
Biochem Soc Trans 50:895–906

Mazal H., et al. (2019) Tunable microsecond dynamics of an allosteric switch regulate the
activity of a AAA+ disaggregation machine Nat Commun 10

Mazal H., Iljina M., Riven I., Haran G. (2021) Ultrafast pore-loop dynamics in a AAA+ machine
point to a Brownian-ratchet mechanism for protein translocation Sci Adv 7

Hoskins J. R., Kim S. Y., Wickner S. (2000) Substrate recognition by the ClpA chaperone
component of ClpAP protease J Biol Chem 275:35361–35367

Kenniston J. A., Baker T. A., Fernandez J. M., Sauer R. T. (2003) Linkage between ATP
consumption and mechanical unfolding during the protein processing reactions of an
AAA+ degradation machine Cell 114:511–520

Durie C. L., Duran E. C., Lucius A. L. (2018) Escherichia coli DnaK Allosterically Modulates
ClpB between High- and Low-Peptide Affinity States Biochemistry 57:3665–3675

Lin J., Lucius A. L. (2015) Examination of the dynamic assembly equilibrium for E coli ClpB.
Proteins 83:2008–2024

Lin J., Lucius A. L. (2016) Examination of ClpB Quaternary Structure and Linkage to
Nucleotide Binding Biochemistry 55:1758–1771

Weaver C. L., et al. (2017) Avidity for Polypeptide Binding by Nucleotide-Bound Hsp104
Structures Biochemistry 56:2071–2075

Li T., Lin J., Lucius A. L. (2015) Examination of polypeptide substrate specificity for
Escherichia coli ClpB Proteins 83:117–134

Hwang H., Kim H., Myong S. (2011) Protein induced fluorescence enhancement as a single
molecule assay with short distance sensitivity Proc Natl Acad Sci U S A 108:7414–7418

Rashid F., et al. (2019) Initial state of DNA-Dye complex sets the stage for protein induced
fluorescence modulation Nat Commun 10

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

https://doi.org/10.7554/eLife.99052.2
https://doi.org/10.1038/s41586-020-1964-y


Jaskamaljot Kaur Banwait et al., 2024 eLife. https://doi.org/10.7554/eLife.99052.2 27 of 40

Lucius A. L., Maluf N. K., Fischer C. J., Lohman T. M. (2003) General methods for analysis of
sequential “n-step” kinetic mechanisms: application to single turnover kinetics of
helicase-catalyzed DNA unwinding Biophys J 85:2224–2239

Weber-Ban E. U., Reid B. G., Miranker A. D., Horwich A. L. (1999) Global unfolding of a
substrate protein by the Hsp100 chaperone ClpA Nature 401:90–93

Reid B. G., Fenton W. A., Horwich A. L., Weber-Ban E. U. (2001) ClpA mediates directional
translocation of substrate proteins into the ClpP protease Proc Natl Acad Sci U S A 98:3768–
3772

Weibezahn J., et al. (2004) Thermotolerance requires refolding of aggregated proteins by
substrate translocation through the central pore of ClpB Cell 119:653–665

Nagy A., et al. (2004) Thermal stability of chemically denatured green fluorescent protein
(GFP): A preliminary study Thermochimica Acta 410:161–163

Olivares A. O., Kotamarthi H. C., Stein B. J., Sauer R. T., Baker T. A. (2017) Effect of directional
pulling on mechanical protein degradation by ATP-dependent proteolytic machines Proc
Natl Acad Sci U S A 114:E6306–E6313

Miller J. M., Lin J., Li T., Lucius A. L. (2013) E coli ClpA Catalyzed Polypeptide Translocation is
Allosterically Controlled by the Protease ClpP. Journal of Molecular Biology 425:2795–2812

Rajendar B., Lucius A. L. (2010) Molecular mechanism of polypeptide translocation
catalyzed by the Escherichia coli ClpA protein translocase J Mol Biol 399:665–679

Olivares A. O., Nager A. R., Iosefson O., Sauer R. T., Baker T. A. (2014) Mechanochemical basis
of protein degradation by a double-ring AAA+ machine Nature structural & molecular biology

https://doi.org/10.1038/nsmb.2885

Rizo A. N., et al. (2019) Structural basis for substrate gripping and translocation by the
ClpB AAA+ disaggregase Nat Commun 10

Gates S. N., Martin A. (2020) Stairway to translocation: AAA+ motor structures reveal the
mechanisms of ATP-dependent substrate translocation Protein Sci 29:407–419

Glynn S. E., Kardon J. R., Mueller-Cajar O., Cho C. (2020) AAA+ proteins: converging
mechanisms, diverging functions Nature structural & molecular biology 27:515–518

Hwang H., Myong S. (2014) Protein induced fluorescence enhancement (PIFE) for probing
protein-nucleic acid interactions Chemical Society reviews 43:1221–1229

Fischer C. J., Lohman T. M. (2004) ATP-dependent translocation of proteins along single-
stranded DNA: models and methods of analysis of pre-steady state kinetics J Mol Biol
344:1265–1286

Fischer C. J., Maluf N. K., Lohman T. M. (2004) Mechanism of ATP-dependent translocation of
E.coli UvrD monomers along single-stranded DNA J Mol Biol 344:1287–1309

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

https://doi.org/10.7554/eLife.99052.2
https://doi.org/10.1038/nsmb.2885


Jaskamaljot Kaur Banwait et al., 2024 eLife. https://doi.org/10.7554/eLife.99052.2 28 of 40

Oberhauser A. F., Hansma P. K., Carrion-Vazquez M., Fernandez J. M. (2001) Stepwise
unfolding of titin under force-clamp atomic force microscopy Proc Natl Acad Sci U S A
98:468–472

Seidman C. E., Struhl K., Sheen J., Jessen T. (2001) Introduction of plasmid DNA into cells Curr
Protoc Mol Biol Chapter 1, Unit1 8

Sharan S. K., Thomason L. C., Kuznetsov S. G., Court D. L. (2009) Recombineering: a
homologous recombination-based method of genetic engineering Nat Protoc 4:206–223

Duran E. C., Lucius A. L. (2018) ATP hydrolysis inactivating Walker B mutation perturbs E
coli ClpA self-assembly energetics in the absence of nucleotide. Biophysical chemistry 242:6–14

Jumper J., et al. (2021) Highly accurate protein structure prediction with AlphaFold Nature
596:583–589

Sharma S., et al. (2004) Plasmid P1 RepA is homologous to the F plasmid RepE class of
initiators J Biol Chem 279:6027–6034

Kim S. Y., Sharma S., Hoskins J. R., Wickner S. (2002) Interaction of the DnaK and DnaJ
chaperone system with a native substrate, P1 RepA J Biol Chem 277:44778–44783

Schrodinger LLC (2015) Schrodinger, LLC (2015) The AxPyMOL Molecular Graphics Plugin
for Microsoft PowerPoint, Version 2.5.

Schrodinger LLC (2015) Schrodinger, LLC (2015) The PyMOL Molecular Graphics System,
Version 2.5.

Yagawa K., et al. (2010) Structural basis for unfolding pathway-dependent stability of
proteins: vectorial unfolding versus global unfolding Protein Sci 19:693–702

Ingram Z. M., Scull N. W., Schneider D. S., Lucius A. L. (2021) Multi-start Evolutionary
Nonlinear OpTimizeR (MENOTR): A hybrid parameter optimization toolbox Biophysical
chemistry 279

Editors
Reviewing Editor
Rina Rosenzweig
Weizmann Institute of Science, Rehovot, Israel

Senior Editor
Kenton Swartz
National Institute of Neurological Disorders and Stroke, Bethesda, United States of America

Reviewer #1 (Public Review):

In this study, the Authors used a stopped-flow method to investigate the kinetics of substrate
translocation through the channel in hexameric ClpB, an ATP-dependent bacterial protein
disaggregase. They engineered a series of polypeptides with the N-terminal RepA ClpB-
targeting sequence followed by a variable number of folded titin domains. The Authors
detected translocation of the substrate polypeptides by observing the enhancement of
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fluorescence from a probe located at the substrate's C-terminus. The total time of the
substrates' translocation correlated with their lengths, which allowed the Authors to
determine the number of residues translocated by ClpB per unit time.

Strengths:

This study confirms a previously proposed model of processive translocation of polypeptides
through the channel in ClpB. The novelty of this work is in a clever design of a series of
kinetic experiments with an engineered substrate that includes stably folded domains. This
approach produced a quantitative description of the reaction rates and kinetic step sizes.
Another valuable aspect is that the method can be used for other translocases from the AAA+
family to characterize their mechanism of substrate processing.

Weaknesses:

The main limitation of the study is in using a single non-physiological substrate of ClpB,
which does not replicate physical properties of the aggregated cellular proteins and includes
a non-physiological ClpB-targeting sequence. Another limitation is in the use of ATPgammaS
to stimulate the substrate processing. It is not clear how relevant the results are to the ClpB
function in living cells with ATP as the source of energy, a multitude of various aggregated
substrates without targeting sequences that need ClpB's assistance, and in the presence of the
co-chaperones.

Evidence that ATPgammaS without ATP can provide sufficient energy for substrate
translocation and unfolding is missing in the paper because the rate of phosphate release
from ATPgammaS has not been determined. Thus, it is not clear if the observed translocation
is linked to an actual chemical energy input or is a result of a diffusion-driven ratchet
mediated by a substrate-trapping ClpB conformation obtained in the presence of
ATPgammaS.

https://doi.org/10.7554/eLife.99052.2.sa3

Reviewer #2 (Public Review):

Summary:

The current work by Banwait et al. reports a fluorescence-based single turnover method
based on protein-induced fluorescence enhancement (PIFE) to show that ClpB is a processive
motor. The paper is a crucial finding as there has been ambiguity on whether ClpB is a
processive or non-processive motor. Optical tweezers-based single-molecule studies have
shown that ClpB is a processive motor, whereas previous studies from the same group
hypothesized it to be a non-processive motor. As co-chaperones are needed for the motor
activity of the ClpB, to isolate the activity of ClpB, they have used a 1:1 ratio ATP and ATPgS,
where the enzyme is active even in the absence of its co-chaperones, as previously observed.
A sequential mixing stop-flow protocol was developed, and the unfolding and translocation of
RepA-TitinX, X = 1,2,3 repeats was monitored by measuring the fluorescence intensity with
time of Alexa F555 that was labelled at the C-terminal Cysteine. The observations were a lag
time, followed by a gradual increase in fluorescence due to PIFE, and then a decrease in
fluorescence plausibly due to the dissociation from the substrate allowing it to refold. The
authors observed that the peak time depends on the substrate length, indicating the
processive nature of ClpB. In addition, the lag and peak times depend on the pre-incubation
time with ATPgS, indicating that the enzyme translocates on the substrates even with just
ATPgS without the addition of ATP, which is plausible due to the slow hydrolysis of ATPgS.
From the plot of substrate length vs peak time, the authors calculated the rate of unfolding
and translocation to be ~0.1 aas-1 in the presence of ~1 mM ATPgS and increases to 1 aas-1 in
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the presence of 1:1 ATP and ATPgS. The authors have further performed experiments at 3:1
ATP and ATPgS concentrations and observed ~5 times increase in the translocation rates as
expected due to faster hydrolysis of ATP by ClpB and reconfirming that processivity is
majorly ATP driven. Further, the authors model their results to multiple sequential unfolding
steps, determining the rate of unfolding and the number of amino acids unfolded during each
step. Overall, the study uses a novel method to reconfirm the processive nature of ClpB.

Strengths:

(1) Previous studies on understanding the processivity of ClpB have primarily focused on
unfolded or disordered proteins; this study paves new insights into our understanding of the
processing of folded proteins by ClpB. They have cleverly used RepA as a recognition
sequence to understand the unfolding of titin-I27 folded domains.
(2) The method developed can be applied to many disaggregating enzymes and has broader
significance.
(3) The data from various experiments are consistent with each other, indicating the
reproducibility of the data. For example, the rate of translocation in presence of ATPgS, ~0.1
aas-1 from the single mixing experiment and double mixing experiment are very similar.
(4) The study convincingly shows that ClpB is a processive motor, which has long been
debated, describing its activity in the presence of only ATPgS and a mixture of ATP and
ATPgS.
(5) The discussion part has been written in a way that describes many previous experiments
from various groups supporting the processive nature of the enzyme and supports their
current study.

Weaknesses:

(1) The authors model that the enzyme unfolds the protein sequentially around 60 aa each
time through multiple steps and translocates rapidly. This contradicts our knowledge of
protein unfolding, which is generally cooperative, particularly for titinI27, which is reported
to unfold cooperatively or utmost through one intermediate during enzymatic unfolding by
ClpX and ClpA.
(2) It is also important to note that the unfolding of titinI27 from the N-terminus (as done in
this study) has been reported to be very fast and cannot be the rate-limiting step as reported
earlier(Olivares et al, PNAS, 2017). This contradicts the current model where unfolding is the
rate-limiting step, and the translocation is assumed to be many orders faster than unfolding.
(3) The model assumes the same time constant for all the unfolding steps irrespective of the
secondary structural interactions.
(4) Unlike other single-molecule optical tweezer-based assays, the study cannot distinguish
the unfolding and translocation events and assumes that unfolding is the rate-limiting step.

https://doi.org/10.7554/eLife.99052.2.sa2

Reviewer #3 (Public Review):

Summary:

The authors have devised an elegant stopped flow fluorescence approach to probe the
mechanism of action of the Hsp100 protein unfoldase ClpB on an unfolded substrate (RepA)
coupled to 1-3 repeats of a folded titin domain. They provide useful new insight into the
kinetics of ClpB action. The results support their conclusions for the model setup used.

Strengths:

The stopped flow fluorescence method with a variable delay after mixing the reactants is
informative, as is the use of variable numbers of folded domains to probe the unfolding steps.

https://doi.org/10.7554/eLife.99052.2
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Weaknesses:

The setup does not reflect the physiological setting for ClpB action. A mixture of ATP and
ATPgammaS is used to activate ClpB without the need for its co-chaperones, Hsp70. Hsp40
and an Hsp70 nucleotide exchange factor. This nucleotide strategy was discovered by Doyle et
al (2007) but the mechanism of action is not fully understood. Other authors have used
different approaches. As mentioned by the authors, Weibezahn et al used a construct coupled
to the ClpA protease to demonstrate translocation. Avellaneda et al used a mutant (Y503D) in
the coiled coil regulatory domain to bypass the Hsp70 system. These differences complicate
comparisons of rates and step sizes with previous work. It is unclear which results, if any,
reflect the in vivo action of ClpB on disassembly of aggregates.

https://doi.org/10.7554/eLife.99052.2.sa1

Author response:

The following is the authors’ response to the original reviews.

Public Reviews:

Reviewer #1 (Public Review):

In this study, the authors used a stopped-flow method to investigate the kinetics of
substrate translocation through the channel in hexameric ClpB, an ATP-dependent
bacterial protein disaggregase. They engineered a series of polypeptides with the N-
terminal RepA ClpB-targeting sequence followed by a variable number of folded titin
domains. The authors detected translocation of the substrate polypeptides by observing
the enhancement of fluorescence from a probe located at the substrate's C-terminus. The
total time of the substrates' translocation correlated with their lengths, which allowed
the authors to determine the number of residues translocated by ClpB per unit time.

Strengths:

This study confirms a previously proposed model of processive translocation of
polypeptides through the channel in ClpB. The novelty of this work is in the clever design
of a series of kinetic experiments with an engineered substrate that includes stably folded
domains. This approach produced a quantitative description of the reaction rates and
kinetic step sizes. Another valuable aspect is that the method can be used for other
translocases from the AAA+ family to characterize their mechanism of substrate
processing.

Weaknesses:

The main limitation of the study is in using a single non-physiological substrate of ClpB,
which does not replicate the physical properties of the aggregated cellular proteins and
includes a non-physiological ClpB-targeting sequence. Another limitation is in the use of
ATPgammaS to stimulate the substrate processing. It is not clear how relevant the results
are to the ClpB function in living cells with ATP as the source of energy, a multitude of
various aggregated substrates without targeting sequences that need ClpB's assistance,
and in the presence of the co-chaperones.

Indeed, we agree that our RepA-Titinx substrates are not aggregates but are model, soluble,
substrates used to reveal information about enzyme catalyzed protein unfolding and
translocation. Our substrates are similar to RepA-GFP and GFP-SsrA used by multiple labs
including Wickner, Horwich, Sauer, Baker, Shorter, Bukua, to name only a few. The fact that

https://doi.org/10.7554/eLife.99052.2
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“this is what everyone does” does not make the substrates physiological or the most ideal.
However, this is the technology we currently have until we and others develop something
better. In the meantime, we contend that the results presented here do advance our
knowledge on enzyme catalyzed protein unfolding

Part of what this manuscript seeks to accomplish is presenting the development of a single-
turnover experiment that reports on processive protein unfolding by AAA+ molecular
motors, in this case, ClpB. Importantly, we are treating translocation on an unfolded
polypeptide chain and protein unfolding of stably folded proteins as two distinct reactions
catalyzed by ClpB. If these functions are used to disrupt protein aggregates, in vivo, then this
remains to be seen.

We contend that processive ClpB catalyzed protein unfolding has not been rigorously
demonstrated prior to our results presented here. Avellaneda et al mechanically unfolded
their substrate before loading ClpB (Avellaneda, Franke, Sunderlikova et al. 2020). Thus, their
experiment represents valuable observations reflecting polypeptide translocation on a pre-
unfolded protein. Our previous work using single-turnover stopped-flow experiments
employed unstructured synthetic polypeptides and therefore reflects polypeptide
translocation and not protein unfolding (Li, Weaver, Lin et al. 2015). Weibezahn et al used
unstructured substrates in their study with ClpB (BAP/ClpP), and thus their results represent
translocation of a pre-unfolded polypeptide and not enzyme catalyzed protein unfolding
(Weibezahn, Tessarz, Schlieker et al. 2004).

Many studies have reported the use of GFP with tags or RepA-GFP and used the loss of GFP
fluorescence to conclude protein unfolding. However, such results do not reveal if ClpB
processively and fully translocates the substrate through its axial channel. One cannot rule
out, even when trapping with “GroEL trap”, the possibility that ClpB only needs to disrupt
some of the fold in GFP before cooperative unfolding occurs leading to loss of fluorescence.
Once the cooperative collapse of the structure occurs and fluorescence is lost it has not been
shown that ClpB will continue to translocate on the newly unfolded chain or dissociate. In
fact, the Bukau group showed that folded YFP remained intact after luciferase was unfolded
(Haslberger, Zdanowicz, Brand et al. 2008). Our approach, reported here, yields signal upon
arrival of the motor at the c-terminus or within the PIFE distance thus we can be certain that
the motor does arrive at the c-terminus after unfolding up to three tandem repeats of the
Titin I27 domain.

ATPgS is a non-physiological nucleotide analog. However, ClpB has been shown to exhibit
curious behavior in its presence that we and others, as the reviewer acknowledges, do not
fully understand (Doyle, Shorter, Zolkiewski et al. 2007). Some of the experiments reported
here are seeking to better understand that fact. Here we have shown that ATPgS alone will
support processive protein unfolding. With this assay in hand, we are now seeking to go
forward and address many of the points raised by this reviewer.

The authors do not attempt to correlate the kinetic step sizes detected during substrate
translocation and unfolding with the substrate's structure, which should be possible,
given how extensively the stability and unfolding of the titin I27 domain were studied
before. Also, since the substrate contains up to three I27 domains separated with
unstructured linkers, it is not clear why all the translocation steps are assumed to occur
with the same rate constant.

We assume that all protein unfolding steps occur with the same rate constant, ku. We
conclude that we are not detecting the translocation rate constant, kt, as our results support a
model where kt is much faster than ku. We do think it makes sense that the same slow step
occurs between each cycle of protein unfolding.

https://doi.org/10.7554/eLife.99052.2
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We have added a discussion relating our observations to mechanical unfolding of tandem
repeats of Titin I27 from AFM experiments (Oberhauser, Hansma, Carrion-Vazquez and
Fernandez 2001). Most interestingly, they report unfolding of Titin I27 in 22 nm steps. Using
0.34 nm per amino acids this yields ~65 amino acids per unfolding step, which is comparable
to our kinetic step-size of 57 – 58 amino acids per step.

Some conclusions presented in the manuscript are speculative:

The notion that the emission from Alexa Fluor 555 is enhanced when ClpB approaches
the substrate's C-terminus needs to be supported experimentally. Also, evidence that
ATPgammaS without ATP can provide sufficient energy for substrate translocation and
unfolding is missing in the paper.

In our previous work we have used fluorescently labeled 50 amino acid peptides as
substrates to examine ClpB binding (Li, Lin and Lucius 2015, Li, Weaver, Lin et al. 2015). In
that work we have used fluorescein, which exhibits quenching upon ClpB binding. We have
added a control experiment where we have attached alexa fluor 555 to the 50 amino acid
substrate so we can be assured the ClpB binds close to the fluorophore. As seen in
supplemental Fig. 1 A upon titration with ClpB, in the presence of ATPγS, we observe an
increase in fluorescence from AF555, consistent with PIFE. Supplemental Fig. 1 B shows the
relative fluorescence enhancement at the peak max increases up to ~ 0.2 or a 20 % increase in
fluorescence, due to PIFE, upon ClpB binding.

Further, peak time is our hypothesized measure of ClpB’s arrival at the dye. Our results
indicate that the peak time linearly increases as a function of an increase in the number of
folded TitinI27 repeats in the substrates which also supports the PIFE hypothesis. Finally,
others have shown that AF555 exhibits PIFE and we have added those references.

The evidence that ATPγS alone can support translocation is shown in Fig. 2 and supplemental
Figure 1. Fig. 2 and supplemental Figure 1 are two different mixing strategies where we use
only ATPgS and no ATP at all. In both cases the time courses are consistent with processive
protein unfolding by ClpB with only ATPγS.

Reviewer #2 (Public Review):

Summary:

The current work by Banwait et al. reports a fluorescence-based single turnover method
based on protein-induced fluorescence enhancement (PIFE) to show that ClpB is a
processive motor. The paper is a crucial finding as there has been ambiguity on whether
ClpB is a processive or non-processive motor. Optical tweezers-based single-molecule
studies have shown that ClpB is a processive motor, whereas previous studies from the
same group hypothesized it to be a non-processive motor. As co-chaperones are needed
for the motor activity of the ClpB, to isolate the activity of ClpB, they have used a 1:1 ratio
ATP and ATPgS, where the enzyme is active even in the absence of its co-chaperones, as
previously observed. A sequential mixing stop-flow protocol was developed, and the
unfolding and translocation of RepA-TitinX, X = 1,2,3 repeats was monitored by
measuring the fluorescence intensity with the time of Alexa F555 which was labelled at
the C-terminal Cysteine. The observations were a lag time, followed by a gradual increase
in fluorescence due to PIFE, and then a decrease in fluorescence plausibly due to the
dissociation from the substrate allowing it to refold. The authors observed that the peak
time depends on the substrate length, indicating the processive nature of ClpB. In
addition, the lag and peak times depend on the pre-incubation time with ATPgS,
indicating that the enzyme translocates on the substrates even with just ATPgS without
the addition of ATP, which is plausible due to the slow hydrolysis of ATPgS. From the plot
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of substrate length vs peak time, the authors calculated the rate of unfolding and
translocation to be ~0.1 aas-1 in the presence of ~1 mM ATPgS and increases to 1 aas-1
in the presence of 1:1 ATP and ATPgS. The authors have further performed experiments
at 3:1 ATP and ATPgS concentrations and observed ~5 times increase in the translocation
rates as expected due to faster hydrolysis of ATP by ClpB and reconfirming that
processivity is majorly ATP driven. Further, the authors model their results to multiple
sequential unfolding steps, determining the rate of unfolding and the number of amino
acids unfolded during each step. Overall, the study uses a novel method to reconfirm the
processive nature of ClpB.

Strengths:

(1) Previous studies on understanding the processivity of ClpB have primarily focused on
unfolded or disordered proteins; this study paves new insights into our understanding of
the processing of folded proteins by ClpB. They have cleverly used RepA as a recognition
sequence to understand the unfolding of titin-I27 folded domains.

(2) The method developed can be applied to many disaggregating enzymes and has
broader significance.

(3) The data from various experiments are consistent with each other, indicating the
reproducibility of the data. For example, the rate of translocation in the presence of
ATPgS, ~0.1 aas-1 from the single mixing experiment and double mixing experiment are
very similar.

(4) The study convincingly shows that ClpB is a processive motor, which has long been
debated, describing its activity in the presence of only ATPgS and a mixture of ATP and
ATPgS.

(5) The discussion part has been written in a way that describes many previous
experiments from various groups supporting the processive nature of the enzyme and
supports their current study.

Weaknesses:

(1) The authors model that the enzyme unfolds the protein sequentially around 60 aa
each time through multiple steps and translocates rapidly. This contradicts our
knowledge of protein unfolding, which is generally cooperative, particularly for titinI27,
which is reported to unfold cooperatively or utmost through one intermediate during
enzymatic unfolding by ClpX and ClpA.

We do not think this represents a contradiction. In fact, our observations are in good
agreement with mechanical unfolding of tandem repeats of Titin I27 using AFM experiments
(Oberhauser, Hansma, Carrion-Vazquez and Fernandez 2001). They showed that tandem
repeats of TitinI27 unfolded in steps of ~22 nm. Dividing 22 nm by 0.34 nm/Amino Acid gives
~65 amino acids per unfolding event. This implies that, under force, ~65 amino acids of folded
structure unfolds in a single step. This number is in excellent agreement with our kinetic
step-size of 65 AA/step.

Importantly, the experiments cited by the reviewer on ClpA and ClpX are actually with ClpAP
and ClpXP. We assert that this is an important distinction as we have shown that ClpA
employs a different mechanism than ClpAP (Rajendar and Lucius 2010, Miller, Lin, Li and
Lucius 2013, Miller and Lucius 2014). Thus, ClpA and ClpAP should be treated as different
enzymes but, without question, ClpB and ClpA are different enzymes.

(2) It is also important to note that the unfolding of titinI27 from the N-terminus (as done
in this study) has been reported to be very fast and cannot be the rate-limiting step as
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reported earlier(Olivares et al, PNAS, 2017). This contradicts the current model where
unfolding is the rate-limiting step, and the translocation is assumed to be many orders
faster than unfolding.

Most importantly, the Olivares paper is examining ClpXP and ClpAP catalyzed protein
unfolding and translocation and not ClpB. These are different enzymes. Additionally, we have
shown that ClpAP and ClpA translocate unfolded polypeptides with different rates, rate
constants, and kinetic step-sizes indicating that ClpP allosterically impacts the mechanism
employed by ClpA to the extent that even ClpA and ClpAP should be considered different
enzymes (Rajendar and Lucius 2010, Miller, Lin, Li and Lucius 2013). We would further assert
that there is no reason to assume ClpAP and ClpXP would catalyze protein unfolding using
the same mechanism as ClpB as we do not think it should be assumed ClpA and ClpX use the
same mechanism as ClpAP and ClpXP, respectively.

The Olivares et al paper reports a dwell time preceding protein unfolding of ~0.9 and ~0.8 s
for ClpXP and ClpAP, respectively. The inverse of this can be taken as the rate constant for
protein unfolding and would yield a rate constant of ~1.2 s-1, which is in good agreement
with our observed rate constant of 0.9 – 4.3 s-1 depending on the ATP:ATPγS mixing ratio. For
ClpB, we propose that the slow unfolding is then followed by rapid translocation on the
unfolded chain where translocation by ClpB must be much faster than for ClpAP and ClpXP.
We think this is a reasonable interpretation of our results and not a contradiction of the
results in Olivares et al. Moreover, this is completely consistent with the mechanistic
differences that we have reported, using the same single-turnover stopped flow approach on
the same unfolded polypeptide chains with ClpB, ClpA, and ClpAP (Rajendar and Lucius 2010,
Miller, Lin, Li and Lucius 2013, Miller and Lucius 2014, Li, Weaver, Lin et al. 2015).

(3) The model assumes the same time constant for all the unfolding steps irrespective of
the secondary structural interactions.

Yes, we contend that this is a good assumption because it represents repetition of protein
unfolding catalyzed by ClpB upon encountering the same repeating structural elements, i.e.
Beta sheets.

(4) Unlike other single-molecule optical tweezer-based assays, the study cannot
distinguish the unfolding and translocation events and assumes that unfolding is the
rate-limiting step.

Although we cannot, directly, distinguish between protein unfolding and translocation we
have logically concluded that protein unfolding is likely rate limiting. This is because the
large kinetic step-size represents the collapse of ~60 amino acids of structure between two
rate-limiting steps, which we interpret to represent cooperative protein unfolding induced by
ClpB. It is not an assumption it is our current best interpretation of the observations that we
are now seeking to further test.

Reviewer #3 (Public Review):

Summary:

The authors have devised an elegant stopped-flow fluorescence approach to probe the
mechanism of action of the Hsp100 protein unfoldase ClpB on an unfolded substrate
(RepA) coupled to 1-3 repeats of a folded titin domain. They provide useful new insight
into the kinetics of ClpB action. The results support their conclusions for the model setup
used.

Strengths:

https://doi.org/10.7554/eLife.99052.2
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The stopped-flow fluorescence method with a variable delay after mixing the reactants is
informative, as is the use of variable numbers of folded domains to probe the unfolding
steps.

Weaknesses:

The setup does not reflect the physiological setting for ClpB action. A mixture of ATP and
ATPgammaS is used to activate ClpB without the need for its co-chaperones, Hsp70.
Hsp40 and an Hsp70 nucleotide exchange factor. This nucleotide strategy was discovered
by Doyle et al (2007) but the mechanism of action is not fully understood. Other authors
have used different approaches. As mentioned by the authors, Weibezahn et al used a
construct coupled to the ClpA protease to demonstrate translocation. Avellaneda et al
used a mutant (Y503D) in the coiled-coil regulatory domain to bypass the Hsp70 system.
These differences complicate comparisons of rates and step sizes with previous work. It is
unclear which results, if any, reflect the in vivo action of ClpB on the disassembly of
aggregates.

We agree with the reviewer, there are several strategies that have been employed to bypass
the need for Hsp70/40 or KJE to simplify in vitro experiments. Here we have developed a first
of its kind transient state kinetics approach that can be used to examine processive protein
unfolding. We now seek to go forward with examining the mechanisms of hyperactive
mutants, like Y503D, and add the co-chaperones so that we can address the limitations
articulated by the reviewer. In fact we already began adding DnaK to the reaction and found
that DnaK induced ClpB to release the polypeptide chain (Durie, Duran and Lucius 2018).
However, the sequential mixing strategy developed here was needed to go forward with
examining the impact of co-chaperones.

Recommendations for the authors:

Reviewer #1 (Recommendations For The Authors):

Line 1: I recommend changing the title of the paper to remove the terms that are not
clearly defined in the text: "robust" and "processive". What are the Authors' criteria for
describing a molecular machine as "robust" vs. "not robust"? A definition of processivity
is given in equation 2, but its value for ClpB is not reported in the text, and the criteria for
classifying a machine as "processive" vs. "non-processive" are not included. Besides, the
Authors have previously reported that ClpB is non-processive (Biochem. J., 2015), so it is
now clear that a more nuanced terminology should be applied to this protein. Also,
Escherichia coli should be fully spelled out in the title.

The title has been changed. We have removed “robust” as we agree with the reviewer, there
is no way to quantify “robust”. However, we have kept “processive” and have added to the
discussion a calculation of processivity since we can quantify processivity. Importantly, the
unstructured substrates used in our previous studies represent translocation and not protein
unfolding. here, on folded substrates, we detect rate-limiting protein unfolding followed by
rapid translocation. Thus, we report a lower bound on protein unfolding processivity of 362
amino acids.

Line 20: The comment about mitochondrial SKD3 should be removed. SKD3, like ClpB,
belongs to the AAA+ family, and it is simply a coincidence that the original study that
discovered SKD3 termed it an Hsp100 homolog. The similarity between SKD3 and ClpB is
limited to the AAA+ module, so there are many other metazoan ATPases, besides SKD3,
that could be called homologs of ClpB, including mitochondrial ClpX, ER-localized torsins,
p97, etc.
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Removed.

Lines 133-139. Contrary to what the authors state, it is not clear that the "lag-phase"
becomes significantly shorter for subsequent mixing experiments (Figure 1E) perhaps
except for the last one (2070 s). It is clear, however, that the emission enhancement
becomes stronger for later mixes. This effect should be discussed and explained, as it
suggests that the pre-equilibrations shorter than ~2000 sec do not produce saturation of
ClpB binding to the substrate.

We have added supplemental figure 2, which represents a zoom into the lag region. This
better illustrates what we were seeing but did not clearly show to the reader. In addition, we
address all three changes in the time courses, i.e. extend of lag, change in peak position, and
the change in peak height.

Line 175. The hydrolysis rate of ATPgammaS in the presence of ClpB should be measured
and compared to the hydrolysis rate with ATP/ATPgammaS to check if the ratio of those
rates agrees with the ratio of the translocation rates. These experiments should be
performed with and without the RepA-titin substrate, which could reveal an important
linkage between the ATPase engine and substrate translocation. These experiments are
essential to support the claim of substrate translocation and unfolding with ATPgammaS
as the sole energy source.

The time courses shown in figure 2 and supplemental Figure 1 are collected with only ATPgS
and no ATP. The time courses show a clear increase in lag and appearance of a peak with
increasing number of tandem repeats of titin domains. We do not see an alternate
explanation for this observation other than ATPγS supports ClpB catalyzed protein unfolding
and translocation. What is the reviewers alternate explanation for these observations?

We agree with the reviewer that the linkage of ATP hydrolysis to protein unfolding and
translocation is essential and we are seeking to acquire this knowledge. However, a simple
comparison of the ratio of rates is not adequate. We contend that a complete mechanistic
study of ATP turnover by ClpB is required to properly address this linkage and such a study is
too substantial to be included here but is currently underway.

All that said, the statement on line 175 was removed since we do not report any ATPase
measurements in this paper.

Line 199: It is an over-simplification to state that "1:1 mix of ATP to ATPgammaS replaces
the need for co-chaperones". This sentence should be corrected or removed. The ClpB co-
chaperones (DnaK, DnaJ, GrpE) play a major role in targeting ClpB to its aggregated
substrates in cells and in regulating the ClpB activity through interactions with its middle
domain. ATPgammaS does not replace the co-chaperones; it is a chemical probe that
modifies the mechanism of ClpB in a way that is not entirely understood.

We agree with the reviewer. The sentence has been modified to point out that the mix of ATP
and ATPγS activates ClpB.

Figure 3B, Supplementary Figure 5A. The solid lines from the model fit cannot be
distinguished from the data points. Please modify the figures' format to clearly show the
fits and the data points.

Done.
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Lines 326, 329. It is not clear why the authors mention a lack of covalent modification of
substrates by ClpB. AAA+ ATPases do not produce covalent modifications of their
substrates.

The issue of covalent modification was presented in the introduction lines 55 – 60 pointing
out that much of what we have learned about protein unfolding and translocation catalyzed
by ClpA and ClpX is from the observations of proteolytic degradation catalyzed by the
associated protease ClpP. However, this approach is not possible for ClpB/Hsp104 as these
motors do not associate with a protease unless they have been artificially engineered to do so.

Lines 396-399. I am puzzled why the authors try to correlate the size of the detected
kinetic step with the length of the ClpB channel instead of the size characteristics of the
substrate.

We are attempting to discuss/rationalize the observed large kinetic step-size which, in part, is
defined by the structural properties of the enzyme as well as the size characteristics of the
substrate. We have attempted to clarify this and better discuss the properties of the substrate
as well as ClpB.

As I mentioned in the Public Review, it is essential to demonstrate that the emission
increase used as the only readout of the ClpB position along the substrate is indeed
caused by the proximity of ClpB to the fluorophore. One way to accomplish that would be
to place the fluorophore upstream from the first I27 domain and determine if the "lag
phase" in the emission enhancement disappears.

Alexa Fluor 555 is well established to exhibit PIFE. However, as in the response to the public
review, we have included an appropriate control showing this in supplemental Fig. 1.

Finally, the authors repetitively place their results in opposition to the study of Weibezahn
et al. published in 2004 which first demonstrated substrate translocation by engineering
a peptidase-associated variant of ClpB. It should be noted that the field of protein
disaggregases has moved since the time of that publication from the initial "from-start-
to-end" translocation model to a more nuanced picture of partial translocation of
polypeptide loops with possible substrate slipping through the ClpB channel and a
dynamic assembly of ClpB hexamers with possible subunit exchange, all of which may
affect the kinetics in a complex way. However, the present study confirmed the "start-to-
end" translocation model, albeit for a non-physiological ClpB substrate, and that is the
take-home message, which should be included in the text.

It is not clear to us that the field has “moved on” since Weibezahn et al 2004. Their
engineered construct that they term “BAP” with ClpP is still used in the field despite us
reporting that proteolytic degradation is observed in the absence of ATP with that system (Li,
Weaver, Lin et al. 2015) and should, therefore, not be used to conclude processive energy
driven translocation. The “partial translocation” by ClpB is also grounded in observations of
partial degradation catalyzed by ClpP with BAP from the same group (Haslberger, Zdanowicz,
Brand et al. 2008). It is not clear to us that the idea of subunit exchange leading to the
possibility of assembly around internal sequences is being considered. We do agree that this
is an important mechanistic possibility that needs further interrogation. We agree with the
reviewer, all these factors are confounding and lead to a more nuanced view of the
mechanism.

All that said, we have removed some of the opposition in the discussion.
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Reviewer #2 (Recommendations For The Authors):

(1) It is assumed that the lag phase will be much longer than the phase in which we see a
gradual increase in fluorescence, as the effect of PIFE is significant only when the enzyme
is very close to the fluorophore. Particularly for RepA-titin3, the enzyme has to
translocate many tens of nm before it is closer to the C-terminus fluorophore. However,
in all cases, the lag time is lower or similar to the gradual increase phase (for example,
Figure 3B). Could the authors explain this?

The extent of the lag, or time zero until the signal starts to increase, is interpreted to indicate
the time the motor moves from it’s initial binding site until it gets close enough to the
fluorophore that PIFE starts to occur. In our analysis we apply signal change to the last
intermediate and dissociation or release of unfolded RepA-TitinX. The increase in PIFE is not
“all or nothing”. Rather, it is starting to increase gradually. Further, because these are
ensemble measurements, and each molecule will exhibit variability in rate there is increased
breadth of the peak due to ensemble averaging.

(2) Although the reason for differences in the peak position (for example, Figure 1E, 2B) is
apparent, the reason for variations in the relative intensities has to be given or
speculated.

We have addressed the reason for the different peak heights in the revised manuscript. It is
the consequence of the fact that each substrate has slightly different fluorescent labeling
efficiencies. Thus, for each sample there is a mix of labeled and unlabeled substrates both of
which will bind to ClpB but the unlabeled ClpB bound substrates do not contribute to the
fluorescence signal, but will represent a binding competitor. Thus, for low labeling efficiency
there is a lower concentration of ClpB bound to fluorescent RepA-Titinx and for higher
labeling efficiency there is higher concentration of ClpB bound to RepA-Titinx leading to an
increased peak height. RepA-Titin2 has the highest labeling efficiency and thus the largest
peak height.

Reviewer #3 (Recommendations For The Authors):

The authors should make it clear that they and previous authors have used different
constructs or conditions to bypass the physiological regulation of ClpB action by Hsp70
and its co-factors as mentioned above. In particular, the construct used by Avellaneda et
al should be explained when they challenge the findings of those authors.

Minor points:

The lines fitting the experimental points are difficult or impossible to see in Figures 2B,
3B, and s5B.

Fixed

Typo bottom of p6 - "averge"

Fixed
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