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SUMMARY

ATP-dependent proteases are vital to maintain
cellular protein homeostasis. Here, we study the
mechanisms of force generation and intersubunit
coordination in the ClpXP protease from E. coli to
understandhow thesemachines coupleATPhydroly-
sis to mechanical protein unfolding. Single-molecule
analyses reveal that phosphate release is the force-
generating step in the ATP-hydrolysis cycle and that
ClpXP translocates substrate polypeptides in bursts
resulting from highly coordinated conformational
changes in two to four ATPase subunits. ClpXP
must use its maximum successive firing capacity of
four subunits to unfold stable substrates like GFP.
The average dwell duration between individual bursts
of translocation is constant, regardless of the number
of translocating subunits, implying that ClpXP oper-
ates with constant ‘‘rpm’’ but uses different ‘‘gears.’’
INTRODUCTION

ATP-dependent proteases of the AAA+ family play crucial roles

for the maintenance of cellular protein homeostasis, including

the clearance of misfolded, aggregated, or damaged proteins,

as well as the disassembly of large macromolecular complexes

(King et al., 1996; Hanson andWhiteheart, 2005;White and Laur-

ing, 2007). These multimeric molecular machines encounter

unique chemical and mechanical challenges during their task

of protein unfolding and polypeptide translocation. First, the

motor must translocate along a heterogeneous and flexible

polypeptide track composed of amino acids with highly diverse

chemical and physical properties. Second, the motor must
636 Cell 155, 636–646, October 24, 2013 ª2013 Elsevier Inc.
unravel a diverse array of folded protein domains with a range

of stabilities that represent mechanical obstacles along the

track. Understanding how ATP-dependent proteases perform

these tasks will shed light on their general principles of operation

and their mechanochemistry, specifically how they convert

chemical energy from ATP hydrolysis to mechanical work and

how individual subunits are coordinated.

Escherichia coli ClpXP is a well-characterized model system

to investigate the operating principles of ATP-dependent prote-

ases (Baker and Sauer, 2012). Homohexameric rings of the ClpX

ATPase associate with the peptidase ClpP to form the ClpXP

protease. ClpP is made up of two coaxially stacked homohepta-

meric rings with proteolytic active sites sequestered inside an

internal cavity (Gottesman et al., 1998). To achieve specific

protein degradation, ATP-bound ClpX recognizes protein sub-

strates with certain degradation tags (Baker and Sauer, 2012)

and uses cycles of ATP hydrolysis to unfold and translocate

these substrates through its central pore into ClpP for proteolysis

(Figure 1A) (Baker and Sauer, 2006). Conserved loops (pore-1

loops) that protrude from every ClpX subunit into the central

pore have been proposed to directly contact the substrate (Mar-

tin et al., 2008a), and ATP-dependent conformational changes of

these subunits are thought to unravel folded domains and propel

the polypeptide through the central channel (Glynn et al., 2009).

Previous mutagenesis studies have suggested that the ClpX

subunits contribute additively to substrate processing and that

the power stroke for translocation may be generated by ATP

hydrolysis in one subunit at a time (Martin et al., 2005), support-

ing a probabilistic mechanism of ring subunit coordination (Glynn

et al., 2009; Stinson et al., 2013). Using optical tweezers, we and

others provided direct demonstration that ClpX transforms the

energy of ATP hydrolysis into mechanical force, and that poly-

peptide translocation occurs in cycles composed of a dwell

phase, during which the substrate does not move, and a burst

phase, during which ClpXP near-instantaneously translocates
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Figure 1. Single-Molecule Experimental

Constructs

(A) Cartoon depicting protein unfolding and poly-

peptide translocation by ClpXP.

(B) Experimental geometry of dual-trap optical

tweezers assay (not to scale). Biotinylated ClpX

was immobilized on streptavidin-coated beads

(SA). The DNA-tethered substrate was immobi-

lized on the surface of beads coated with anti-

digoxigenin antibodies (AD).

(C and D) Single-molecule trajectories of sub-

strate processing by ClpXP at 1 mM ATP and

forces ranging from 6 to 12 pN. GFP unfolding

events are indicated by arrows and followed

by translocation of unfolded polypeptide. Sub-

strates are composed of GFP moieties (green)

fused to titinCM and a C-terminal ssrA tag (black

and red, respectively), as well as an N-terminal

ybbR tag (light blue) for attachment to the bead.

Raw data (2.5 kHz in gray) were filtered and

decimated to 100 Hz (green, black, and blue

lines).
the polypeptide by a certain length (Aubin-Tam et al., 2011;

Maillard et al., 2011).

Our previous findings motivated us to perform a mechano-

chemical characterization of ClpXP and to address the following

questions: do all ATPase subunits participate during substrate

translocation and what is the mechanism of coordination within

the hexameric ring? Is the coordination among subunits different

during protein unfolding versus processive translocation of

an unstructured polypeptide? Which transitions determine the

timing of the mechanochemical cycle? How is the chemical

energy from ATP hydrolysis coupled to the mechanical cycle

that drives translocation?

To address these mechanistic questions, we utilized single-

molecule optical tweezers, which allow us to probe the motor’s

mechanochemical coupling by applying external forces while

simultaneously perturbing the chemical transitions of the

ATPase cycle. These studies provided us with several important

findings. We determined that to stall the motor during polypep-

tide translocation ATP hydrolysis in at least three of the six sub-

units must be inhibited. We found that a process not coupled

to ATP binding sets the dwell duration between translocation

bursts and that the burst size depends on the number of

hydrolyzing ClpX subunits in the hexamer. This number distrib-

utes between two, three, and four subunits and their relative

occurrence changes as ATP is varied from Km to saturation.

During a burst, the near-simultaneous firing and translocation

by two, three, or four subunits occurs in a coordinated fashion

before the hexamer starts a new mechanochemical cycle. We

find that these highly coordinated power strokes occur upon

phosphate release and that they play a crucial role in the

ability of ClpXP to denature kinetically stabilized protein sub-

strates like GFP. Contrary to previously proposed probabilistic

models (Martin et al., 2005; Glynn et al., 2009; Stinson et al.,

2013), our results establish a high degree of coordination

between ATP-bound subunits in the ClpX hexamer. ClpX seems
to employ a novel mechanism of translocation that significantly

deviates from canonical motor mechanisms, demonstrating

how specialized molecular machines have been optimized to

carry out their specific tasks.

RESULTS

Single-Molecule Assays
We used dual-trap optical tweezers in passive mode (constant

trap position, variable force) to monitor a single ClpXP complex

as it unfolds and translocates protein substrates in an ATP-

hydrolysis-dependent manner. ClpXP was immobilized on one

polystyrene bead and the ssrA-tagged protein substrate was

attached to another. Each bead was held in an optical trap,

and a tether formed between the beads once ClpXP engaged

its substrate (Figure 1B) (Maillard et al., 2011). Two fusion

substrates of the green fluorescent protein (GFP) and a perma-

nently unfolded variant of the I27 domain of titin (titinCM) were

used (C to N terminus): ssrA-titinCM-GFP-(titinCM)2-GFP and

ssrA-(titinCM)4-GFP (Figures 1C and 1D, respectively). Substrate

unfolding was measured as a sudden gain in extension of the

tether (rip), whereas polypeptide translocation was monitored

as the gradual decrease of extension with time. Because ClpXP

cannot efficiently unfold GFP at ATP concentrations below

200 mM, the second substrate allowed the measurement of

extended translocation of titin domains without the requirement

for GFP unfolding.

Phosphate Release Is the Force-Generating Step in the
ClpXP ATPase Cycle
To probe the relationship between the generation of mechanical

work and the ATPase cycle, which includes initial ATP binding,

tight binding, hydrolysis, and the release of ADP and inorganic

phosphate (see scheme in Figure 2A), we studied ClpXP in the

presence of various concentrations of ATP, ADP, and inorganic
Cell 155, 636–646, October 24, 2013 ª2013 Elsevier Inc. 637



Figure 2. Effects of ATP, ADP, and Pi on Translocation
(A) General scheme depicting a motor (M) that binds to one ATPmolecule (T), undergoes a tight binding transition, and hydrolyzes ATP, followed by the release of

inorganic phosphate (Pi) and ADP.

(B) Representative trajectories for translocation of the titinCMmoiety of the fusion substrates measured between 6 and 12 pN at different ATP concentrations with

ATP regeneration system (ATP/RS). The trajectories are offset for clarity.

(C) Pause-free velocity of translocation (mean ± SEM) as a function of external force at 5 mM ATP (red symbols) and 35 mM ATP (black symbols).

(D) Km (blue) and Vmax (green) are plotted against force. Inset: Km/Vmax ratio plotted for forces between 5 to 15 pN. Error bars are from the fits (SEM).

(E) Km (blue) and Vmax (green) plotted against ADP concentration at 7.5 pN. Error bars are from the fits (SEM).

(F) Pause-free velocity of translocation (mean ± SEM) plotted as a function of phosphate concentration [Pi] at 7.5 pN with a fixed [ATP] (see also Figure S1).
phosphate (Pi). First, we explored the effect of the ATP concen-

tration on translocation and thereby focused solely on the titinCM

regions of the fusion substrate in order to minimize potential

effects of amino acid sequence differences between titinCM

and GFP (Figure 2B). Translocation was punctuated by rare

pauses that are typically longer than 1 to 2 s (Experimental Pro-

cedures). Pauses were previously shown to be in kinetic compe-

tition with translocation and therefore off the main translocation

pathway (Maillard et al., 2011). Pause-free translocation as a

function of the ATP concentration followed a general Michae-

lis-Menten behavior v =Vmax½ATP�=ð½ATP�+KmÞ (Figure S1A

available online; Extended Experimental Procedures).

To determine whether ATP binding is the force-generating

step, we examined how the translocation velocity depends on

force at various ATP concentrations. If ATP binding is coupled
638 Cell 155, 636–646, October 24, 2013 ª2013 Elsevier Inc.
to force generation, then conditions in which ATP binding be-

comes rate limiting should make the conformational changes

that drive translocation also rate limiting. In this case, the motor

velocity would be highly sensitive to the applied external load.

However, we found that the translocation velocity of ClpX is

largely insensitive to opposing mechanical forces at low ATP

concentrations (Figure 2C, black symbols). In contrast, at satu-

rating ATP concentrations (R500 mM) and opposing forces be-

tween 12 and 20 pN, the force-generating step has become

rate limiting and ClpX translocation is force sensitive (Figure 2C,

red symbols). These results clearly indicate that ATP binding

does not power substrate translocation.

Next, we analyzed the force dependence of the Michaelis-

Menten parameters Vmax and Km to determine where the force-

generating step may be located in the nucleotide-hydrolysis



cycle. The Michaelis-Menten fits to our data revealed that both

Vmax and Km decrease with the applied load (Figure 2D), but

the Km/Vmax ratio remains force insensitive (Figure 2D, inset). A

force-independent Km/Vmax is consistent with our conclusion

that ATP binding does not power translocation and indicates

that the force-generating step must occur after the first irrevers-

ible transition connected to ATP binding (Chemla et al., 2005;

Keller and Bustamante, 2000; Visscher et al., 1999). This irre-

versible transition is most likely the tight binding of ATP, as pre-

viously seen in other ring ATPases such as the F1-ATPase and

the 429 DNA packaging motor (Adachi et al., 2007; Chemla

et al., 2005; Oster and Wang, 2000).

The results above leave only ATP hydrolysis, ADP release, or

Pi release as possible transitions that may couple to the force-

generating step (Figure 2A). ATP hydrolysis is unlikely to power

translocation, because the small rotation of the terminal phos-

phate upon hydrolysis does not provide the free energy change

required for the power stroke (Oster and Wang, 2000). To inves-

tigate the role of product release in the mechanochemical cycle,

we varied the concentrations of ADP and Pi. The effect of

increasing ADP concentrations on the pause-free velocity of

ClpXP obeyed a Michaelis-Menten model of competitive inhibi-

tion (Figure S1B). The apparent Km for ATP was seen to increase

linearly with [ADP] according to Km =K0
mð1+ ½ADP�=KiÞ; whereas

Vmax remained constant (Figure 2E) (Segel, 1975). Our results are

consistent with the known role of ADP as a competitive inhibitor

of the ClpXmotor (Burton et al., 2003). In contrast, increasing [Pi]

from 5 mM to 10mM did not affect the translocation velocity (Fig-

ure 2F), indicating that Pi release is a largely irreversible

transition.

To discriminate between the possible roles of ADP and Pi

release in the mechanism of force generation, we estimated

the free energy changes of these events based on their respec-

tive dissociation constants and compared them to the observed

maximum work performed by ClpXP. Using an estimated step

size of 1 nm (Glynn et al., 2009; Aubin-Tam et al., 2011; Maillard

et al., 2011) and a stall force of at least 20 pN, ClpX subunits

perform a near-maximum work of 20 pN 3 1 nm or DG =

4.8 kBT when taking 1 nm steps near stall. Using Ki = 33 mM as

a dissociation constant for ADP (Figure 2E; Extended Experi-

mental Procedures), the change in free energy from ADP release

is DGD�1.8 kBT (at [ADP] = 5 mM) and thus is insufficient to

account for the work performed by ClpXP. In contrast, phos-

phate release is considered irreversible because the velocity is

unaffected even at high [Pi] (10 mM). Therefore, the dissociation

constant for phosphate release must be Kd >> 10 mM, with a

corresponding change in free energy of DGP >> 7.6 kBT (for

[Pi] = 5 mM). Phosphate release would thus provide sufficient

energy to power the work produced by ClpXP in every transloca-

tion step and is themost likely candidate for the force-generating

step of the motor.

ATPgS Dependence of Pause Density and Pause
Duration Reveals High Intersubunit Coordination during
Translocation
Effective unfolding and/or translocation of protein substrates by

ClpX may require the participation of multiple subunits in the

hexamer (Martin et al., 2008a). We therefore sought to charac-
terize how individual subunits coordinate their ATP hydrolysis

activities around the ring. To this end, we slowed down the

hydrolysis in a given subunit by using the ATP analog ATPgS,

which ClpX hydrolyzes �90 times slower than ATP (Figure S2;

Extended Experimental Procedures) and determined how bind-

ing of this analog affected the polypeptide translocation by the

remaining ATP-bound subunits in the ring. We held [ATP] fixed

at 500 mM and varied [ATPgS] from 0 to 250 mM. In the presence

of ATPgS, we observed pauses longer than 1 s, which were

extremely rare in the presence of ATP alone, and we attributed

these long pauses to ATPgS-bound ClpX subunits (Figure 3A).

Furthermore, the relationship between the average translocation

velocity and the ATPgS concentration decreased in a nonlinear

fashion due to these long pauses. The trend could be fitted

well to a modified Hill equation with a Hill coefficient nATPgS =

1.5 ± 0.3 (SEM) (Figure 3B), indicating that more than one ATPgS

binding to the ring is necessary to induce a long pause during

translocation.

We observed that the pause density (PD), i.e., the number

of pauses per nm of translocated polypeptide, increased with

the ATPgS concentration, indicating that the entry into a pause

was caused by the binding of ATPgS to the ring (Figure 3C;

Experimental Procedures). The maximum PD, PDmax, reflects

the existence of an ATPgS concentration at which the motor

has nearly 100% probability of binding the minimum number

of ATPgS molecules required to stall translocation. Accurate

pause detection became difficult at high concentrations of

ATPgS (greater than �200–250 mM). To calculate PDmax, we

plotted the inverse of the ATPgS concentration against the

inverse of PD and estimated a PDmax of �0.5 nm�1 (Figure 3C).

Thus, the motor has a 50% probability of entering a pause

at [ATPgS] = 200 mM (Figure 3C, inset). Using a Km,ATPgS =

29 mM as an upper bound for the ATPgS dissociation constant

(because kcat has little contribution), we calculated that the

probability of having three or more ATPgS bound to the ring

at [ATPgS] = 200 mM is �0.44 (see Extended Experimental Pro-

cedures), very close to the observed 50% probability of the

motor entering into an analog-induced pause (Figure 3C, inset).

We conclude that at least three molecules of ATPgS are

required to bind to the ring in order to stall translocation and

induce a pause. Consequently, intersubunit coordination

around the ring does not require the involvement of all ATP-

binding-competent subunits.

One of two different processes is likely to dictate the kinetics

of exit from a pause: (1) the dissociation or (2) the hydrolysis of

ATPgS. To distinguish between these alternatives, we compared

the ATPgS hydrolysis rate with the average duration of the

ATPgS-induced pauses. Hydrolysis of a single ATPgS molecule

takes�10 s in the presence of titinCM-ssrA (kcat of�6min�1 hex-

amer�1), which is �90 times slower than the rate of ATP

hydrolysis under identical conditions (Figure S2; Extended

Experimental Procedures). Because the observed mean pause

durations are significantly shorter than the time for ATPgS hydro-

lysis, we conclude that they primarily reflect the off-rate of

ATPgS. Interestingly, the mean pause durations increased

from �1.5 to �2.5 s as the ATPgS concentration was increased

from 50 to 250 mM (Figure 3D) (see Experimental Procedures).

Thus, the exit from a pause takes longer as the motor loads
Cell 155, 636–646, October 24, 2013 ª2013 Elsevier Inc. 639



Figure 3. ATPgS Induces Long-Lived

Pauses

(A) Representative trajectories for forces between

6 and 12 pN were measured with increasing

[ATPgS] at fixed [ATP]. Trajectories are offset for

visual clarity.

(B) Translocation rate (mean ± SEM) plotted

against [ATPgS], with the fit shown in red.

(C) Inverse density of ATPgS-induced pauses

(mean ± SEM) plotted against the inverse of

[ATPgS], with the linear fit shown in red. Inset:

pause density (mean ± SEM) plotted as a function

of [ATPgS].

(D) Pause duration (mean ± SEM) as a function of

[ATPgS] (see also Figure S2).
with an increasing number of ATPgS molecules, most likely

reflecting the extra time required to eject multiple ATPgS mole-

cules until just two ATPgS remain bound to the ring.

Effect of [ATP] on Burst Sizes and Dwell Durations
The observation that the motor can maintain its operation even

when one or two analog molecules are bound to the ClpX ring

led us to investigate in greater detail the mechanism by which

subunits communicate with each other around the ring. Previous

single-molecule studies showed that ClpXP translocates poly-

peptide in bursts of 1, 2, and 3 nm (Maillard et al., 2011). Based

on the ClpX crystal structure that shows an�1 nm displacement

between the pore-1 loops in ATP-bound and empty states

(Glynn et al., 2009), a 1 nm step was thought to reflect the basic

power stroke of a single ClpX subunit (Aubin-Tam et al., 2011;

Maillard et al., 2011). Accordingly, the 2 and 3 nm bursts were

interpreted as the near-simultaneous firing of two and three

ClpX subunits, respectively (Maillard et al., 2011). An important

remaining question is what mechanism individual ATPase sub-

units use to coordinate their translocation activities at any given

ATP concentration. To address this point, we analyzed how

different ATP concentrations affected the distributions of burst

sizes and dwell times (Figure 4A).

At [ATP]>>Km, burst sizes of 2–4 nm were observed at

opposing forces between 6 and 15 pN (Figures 4B and S3;

Extended Experimental Procedures). The distribution of burst
640 Cell 155, 636–646, October 24, 2013 ª2013 Elsevier Inc.
sizes has a maximum at �3 nm, with a

correspondingly lower number of �2 and

�4 nm bursts. In contrast, when ATP

binding is near rate limiting ([ATP] =

35 mM), ClpXP translocates mostly in

2 or 3 nm bursts, and bursts of 4 nm

are completely absent (Figure 4B, red

histogram).

Next, we analyzed the duration of the

cycle time (the sum of the dwell and

burst phase duration) at various ATP

concentrations to better understand the

translocation mechanism of this motor.

Surprisingly, we observed that the mean

cycle time has no apparent dependence

on [ATP]. We found that the mean dura-
tion of the dwell phase < t > is 350 ± 20 ms in the range between

35 mMand 5mM (Figure 4C). In addition, the duration of the burst

phase contributes to less than �3% of the cycle time and has a

mean duration of less than �10 ms. In this range of nucleotide

concentrations, the motor translocation rate approximately dou-

bles from 5 to 9 nm/s. Consequently, the observed change in

translocation rate is not due to changes in the mean cycle

time, but rather to a systematic increase in motor burst size

with increasing [ATP].

To obtain insight into the molecular processes that occur dur-

ing thedwell time,wecalculated thekineticparameter nmin,which

is defined as the ratio of the squared mean of dwell times over

thevarianceof thedwell times, nmin=<t>2=ð<t>2 � <t>2Þ (Moffitt

et al., 2006; Schnitzer and Block, 1995). It has been shown that

this parameter provides a strict lower bound to the number of

rate-limiting events during the dwell phase (Moffitt et al., 2006).

We sought to understand how the number of rate-limiting events

(nmin) changes with the ATP concentration. At saturating and

near-Km concentrations of ATP, we measured nmin = 2.1 ± 0.4

and 2.0 ± 0.6 (SEM), respectively, suggesting that for both condi-

tions there are at least two rate-limiting transitions in the dwell

leading up to the burst phase. Similar values of nmin = 1.9 ± 0.6

were obtained at the intermediate ATP concentrations of 100

and 200 mM. Therefore, at least two processes—not associated

with ATP binding—control the duration of the dwell in the [ATP]

range between 35 mM (near Km) and 5 mM (saturating).



Figure 4. Effect of ATP Concentration on Burst Size and Dwell Duration

(A) Representative trajectories of ClpXP translocating substrate in 3 nm steps at 10–14 pN and different ATP concentrations. Raw data were filtered and

decimated to 1,250 (in gray) or 50 Hz (in red, blue, green). t test fits to the data are shown in black.

(B) Burst size distributions for ATP concentrations near Km (red) and saturating ATP (blue).

(C) Mean dwell duration (±SEM) plotted against [ATP]. Inset: dwell-time distribution for near-Km conditions (red) and saturating ATP (blue) (see also Figure S3).
Altogether, these results suggest a mechanism of transloca-

tion that is strikingly different from those of other motors. The

well-characterized DNA packaging motor of bacteriophage

429 exhibits a variable, ATP-concentration-dependent dwell

time followed by a constant, ATP-concentration-independent

burst size of 10 bp, which reflects a high degree of coordination

among the ring subunits that must all load ATP before the motor

can initiate translocation (Chistol et al., 2012; Moffitt et al., 2009).

In sharp contrast, ClpXP exhibits an ATP-concentration-inde-

pendent cycle time, during which a variable number of ATP mol-

ecules bind to the motor, resulting in a distribution of burst sizes.

ClpXP Requires Four Highly Coordinated Power Strokes
for Successful Unfolding of GFP
Our findings that ClpX translocates with variable burst sizes and

that the burst-size distribution is ATP concentration dependent

raises two important questions about the mechanism by which

the motor successfully unfolds protein substrates. First, how

are the power strokes of individual subunits coordinated during

protein unfolding? And second, what is the kinetic competition

between the motor translocation bursts and the substrate’s

resistance to unravel and its tendency to refold? To answer these

questions, we quantified how variations in ATP concentration

(and therefore in translocation burst sizes) affect the ability of

the motor to unfold GFP. We found that reducing the ATP con-

centration decreased the probability of GFP unfolding by ClpXP

nonlinearly from a maximum of 0.6 when [ATP]R500 mM to less

than 0.1 when [ATP] %50 mM (Figure 5A).

The nonlinear relationship between GFP unfolding probability

and ATP concentration suggests that GFP unfolding requires the

coordinated and near-simultaneous ATP hydrolysis of multiple

ClpX subunits in the ring. In order to elucidate the coordination

mechanism by which ClpXP successfully unfolds GFP, we char-

acterized the intermediates observed during GFP unfolding. Un-

raveling of GFP from the C terminus proceeded via two transient

intermediates with mean lifetimes of 45 ± 10 and 130 ± 15 ms

(Figures 5B, S4A, and S4B; Supplemental Information). By using

the wormlike chain (WLC) model of polymer elasticity (Busta-
mante et al., 1994), we estimated that the transition from the

folded state ‘‘F’’ to the first intermediate ‘‘I’’ (F/I) has a contour

length increase DLcF/I of 8.3 ± 0.4 nm (SEM) corresponding to

the extraction of b strand 11 (b11) from the GFP barrel. The sec-

ond transition from ‘‘I’’ to the second intermediate ‘‘II’’ (I/II) has

a DLcI/II of 31.2 ± 0.8 nm and most likely corresponds to the

unfolding of b strands 10 through 7. The last transition from

‘‘II’’ to the unfolded state ‘‘U’’ (II/U) has a DLcII/U of 42.2 ±

0.8 nm and reflects the unraveling of the remaining six b strands,

as described previously (Maillard et al., 2011) (Figures 5C and

S4C–S4I; Extended Experimental Procedures). The total contour

length increase DLcF/U ( = DLcF/I + DLcI/II + DLcII/U) of

82.8 ± 3.2 nm is in agreement with the expected value for

the complete unfolding of GFP (Figure S4C; Supplemental

Information).

At [ATP]% 200 mM, we detected small unfolding and refolding

events before ClpXP completely unraveled GFP (Figure 5D). The

change in contour length during the reversible unfolding and re-

folding events is similar to DLcF/I, suggesting that these events

most likely correspond to the extraction and quick refolding of

b11. Analysis of these reversible transitions revealed that b11

snaps back into the GFP barrel with a mean refolding time con-

stant �240 ms at forces between 7 and 9 pN (Figures S4J and

S4K; Supplemental Information). These results provide direct

experimental evidence of the molecular tug-of-war between

the motor, attempting to unravel folded structures, and a sub-

strate with a strong tendency to refold. Hence, protein-unfolding

machines have to perform not only the thermodynamic function

of mechanically destabilizing the native state, but also the kinetic

task of quickly capturing the unstructured polypeptide before it

can refold.

When [ATP] >> Km, ClpXP is able to move in bursts of 4 nm

during a single translocation cycle. Such coordinated transloca-

tion is sufficient to trap most of the dislodged b11 and prevent its

refolding. These observations indicate that the efficient unfolding

of GFP by ClpXP requires not only a 4 nm burst, but also this

burst to occur faster than the refolding time of b11 (<240ms). Us-

ing the distribution of burst size and dwell duration determined
Cell 155, 636–646, October 24, 2013 ª2013 Elsevier Inc. 641



Figure 5. GFP Unfolding Mechanism

(A) Probability of GFP unfolding as a function of [ATP] and ATPase rate (inset). Error bars are ± SEM.

(B) GFP unfolding events display two intermediates at 300 Hz.

(C) Mechanism of GFP unfolding by ClpXP at [ATP] >> Km.

(D) Trajectory at [ATP] = 200 mM illustrating the ClpXP-induced unfolding and refolding of b11 (see also Figure S4).
here, we estimated the probability of ClpXP taking a 4 nmburst in

less than 240 ms to be on average 0.031 (0.018–0.046). This

result indicates that ClpXP must pass through�33 translocation

cycles before it can unfold GFP and trap the first intermediate for

subsequent unfolding. Multiplying 33 translocation cycles by the

mean duration of the dwell (�0.35 s) predicts a mean GFP un-

folding time of �11.5 s, which agrees very well with the mean

time constant obtained from the distribution of GFP unfolding

times, < t > = 11.8 ± 0.9 s (Figure S4B; Supplemental Informa-

tion), as well as from previous single-turnover GFP degradation

measurements (Martin et al., 2008b).

At [ATP] �Km, ClpXP moves in bursts of at most 3 nm, which

may be sufficient to promote the extraction of b11 from the

GFP barrel (ClpX succeeds in carrying out the thermodynamic

task) but are too small to prevent the refolding of b11 (ClpX fails

to accomplish the kinetic task). Thus, under subsaturating ATP

conditions, the kinetic competition between ClpXP attempts to

translocate the unfolded region and the tendency of that region

to refold greatly reduces the unfolding efficiency of the motor.

DISCUSSION

Force Generation in ClpXP Is Coupled to Phosphate
Release
Here, we propose a mechanochemical model for ClpXP that

identifies the force-generating step in the chemical cycle of

ATP hydrolysis (Figure 6A). As shown above, our results revealed

that all transitions reversibly connected to ATP binding up to and

including the first irreversible step are not involved in force

generation. Furthermore, the first irreversible transition in other
642 Cell 155, 636–646, October 24, 2013 ª2013 Elsevier Inc.
molecular motors has been identified as the tight binding of

ATP (Adachi et al., 2007; Chemla et al., 2005). Indeed, the dura-

tion of the ATPgS-induced pauses makes the tight binding of

ATP a likely candidate for the first irreversible transition in the

mechanochemical cycle of ClpXP. Because tight ATP binding

is apparently not rate limiting during translocation, its rate con-

stant (kTB) can be estimated by using a lower bound that corre-

sponds to the translocation rate of the motor, kcat = 9 s�1. The

reverse transition from tight to loose binding, k�TB, is given as

the inverse of the mean ATPgS-pause duration, �0.6 s�1.

Thus, we obtain a kTB/k�TB = 15 and a corresponding free energy

change associated with tight binding DGTB > 2.7 kBT. The tight

binding of ATP can therefore be considered the first irreversible

transition following ATP binding. As described above, our results

exclude the possibility of ATP hydrolysis and ADP release being

coupled to the force-generating step and reveal instead that

force generation likely occurs upon Pi release. Interestingly, in

this aspect ClpX resembles other members of the ASCE family,

such as the 429 DNA-packaging motor and F1-ATPase, har-

nessing Pi release as a force-generating step despite the distinct

architectures and functions within this large family of motors

(Chemla et al., 2005).

Intersubunit Coordination Determines the ClpX
Translocation Mechanism
Titrations with the slowly hydrolyzable analog ATPgS as well as

the analyses of burst sizes and dwell times have revealed several

aspects of the intersubunit coordination in the ClpX hexamer.

The pause-density dependence on ATPgS concentration sug-

gests that ClpX maintains operation even when one or two



Figure 6. Minimal Mechanochemical Model of ClpXP Translocation

(A) The pathway of ATP hydrolysis for a single subunit of ClpX. An empty

subunit (E, red sphere) binds ATP (T, orange) and undergoes a tight binding of

ATP (T*, green). Then, the subunit hydrolyzes ATP to ADP and Pi (DP, blue), the

force-generation step occurs upon phosphate release (D, purple), and ADP

dissociates, leaving an empty subunit (E, red sphere).

(B) Schematic depiction of intersubunit coordination at saturating (green box)

and limiting ATP concentrations (red box) for one possible scenario depicting

sequential ATP binding. The subunits in gray correspond to those that do not

bind ATP. During the dwell phase, at least two ATPs are bound to the high-

affinity subunits (T, blue outline), and additional ATPs can bind to the low-

affinity ClpX subunits (T, green outline), depending on [ATP]. During the burst

phase, the motor hydrolyzes all bound ATPs, releases phosphate, and trans-

locates the substrate by 2, 3, or 4 nm into the central pore.
ATPgS molecules bind to the ring. At least three ATPgS mole-

cules must bind to the ring in order to stall the motor. Based

on previous biochemical and structural studies, atmost four sub-

units in the hexamer can bind nucleotide (Hersch et al., 2005;

Glynn et al., 2009; Stinson et al., 2013). Because binding of three

analog molecules stalls the motor, the remaining fourth subunit

may bind ATP but would still be unable to drive translocation.

This analysis suggests that the minimal operational unit for sub-

strate translocation by ClpX involves at least two subunits.

That it takes binding of three analog molecules to stall translo-

cation by the ClpX hexamer rules out models of strict intersubu-

nit coordination described previously for other molecular motors

(Lyubimov et al., 2011). For instance, it excludes models of

concerted hydrolysis, where the subunit power strokes occur

simultaneously after all subunits have been loaded with nucleo-

tide. It also contradicts strictly sequential hydrolysis models, in

which the power stroke of one subunit occurs only after the po-

wer stroke of its neighbor. If one of these models of intersubunit

coordinationwere to apply to ClpX, a single ATPgSbinding event

would be sufficient to stall the motor. Furthermore, our data are

also inconsistent with stochastic or probabilistic hydrolysis

models, where all subunits act independently from each other.

In a stochastic scenario, all the active subunits would have to

bind ATPgS in order to stall translocation. Thus, we find that

the ATPase cycles of individual ClpX subunits are neither

strictly coordinated nor completely independent from each
other. Instead, as will be discussed below, we find that two,

three, or four subunits can coordinate their activity in each cycle,

depending on the number of ATPs bound to the motor.

The analysis of burst sizes provides direct evidence for how

many subunits participate in translocation during a single burst

phase. The ClpX crystal structure reveals a distance of 1 nm be-

tween the pore loops of adjacent subunits in different nucleotide

states, suggesting a 1 nm power stroke per hydrolyzing subunit

during substrate translocation (Glynn et al., 2009). Furthermore,

dividing the maximum translocation velocity, Vmax = 8.5 nm/s, by

the rate of ATP hydrolysis, kcat = 8.3 ATP s�1, yields 1.02 ±

0.03 nm per hydrolyzed ATP. Thus, if one ATP is hydrolyzed

per ClpX subunit, the fundamental translocation step size must

be �1 nm, consistent with previous single-molecule reports

(Aubin-Tam et al., 2011; Maillard et al., 2011). Consequently,

the variable burst sizes of 2, 3, or 4 nm observed at various

ATP concentrations reflect the near-instantaneous, coordinated

firing of two, three, or four subunits around the ring. The

maximum burst size of 4 nm suggests that up to four subunits

in the hexamer participate during a single translocation cycle.

The smallest observed burst size as well as the minimum num-

ber of ATPgS molecules required to stall the motor allow us to

propose that active translocation requires a minimum number

of two coordinated subunits.

Surprisingly, our data reveal that bursts of 2 or 3 nm occur

much more frequently than bursts of 4 nm, even at saturating

concentrations of ATP, suggesting that the most relevant trans-

location cycle of the ClpX motor involves the coordinated

hydrolysis and conformational change of two or three subunits.

These results thus provide direct evidence for the operational

flexibility of ClpX during polypeptide translocation. Previous

bulk biochemical assays and crystal structures of ClpX (Hersch

et al., 2005; Glynn et al., 2009; Stinson et al., 2013) revealed hex-

amers bound to four nucleotides. These findings most likely

reflect the state of the ring preceding a 4 nm burst, a state

that, in view of our results, is only one of a larger ensemble of

nucleotide-bound configurations. Future structural studies in

the presence of substrate may capture ClpX loaded with two

or three ATPmolecules, which according to our data correspond

to conformational states that are more probable during polypep-

tide translocation.

Our results show that the number of subunits participating in

a single translocation cycle depends on the availability of ATP.

When the ATP concentration was lowered from saturating to

near Km, we observed a redistribution of burst sizes from 3 and

4 nm to 2 and 3 nm. The predominant population of 2 nm bursts

and the almost complete absence of 1 nm bursts indicates that,

even at partly rate-limiting ATP concentrations ([ATP] �35 mM),

at least two of the subunits must bind ATP in order to initiate a

translocation cycle. Therefore, the Km of these two subunits

that bind ATP first must be significantly lower than the average

Km of 35 mM. The lack of 4 nm bursts at ATP concentrations

near 35 mM indicates that the remaining subunits have a higher

Km than the first two high-affinity sites and thus contribute to

translocation only at high ATP concentrations.

Two different classes of ATP binding sites with correspond-

ingly different binding affinities have been previously identified

in ClpX using traditional nucleotide competition assays (Hersch
Cell 155, 636–646, October 24, 2013 ª2013 Elsevier Inc. 643



et al., 2005). Furthermore, recent mutational studies of ClpX

have shown strong evidence for a dynamic mechanism of sub-

unit switching, whereby nucleotide binding can affect the affin-

ities of the remaining subunits within the ring (Stinson et al.,

2013). Our data shed light onto how the coexistence of sub-

units with high and low ATP affinity affects the dynamics of

the translocation cycle, allowing the burst phase to be initiated

with either two ATPs (both binding to high-affinity subunits),

three ATPs (two high- and one low-affinity subunits), or four

ATPs (two high- and two low-affinity subunits) bound to the

motor.

A surprising finding is that, regardless of the number of sub-

units participating in the translocation cycle, the mean cycle

time remains constant for ATP concentrations between �Km

and saturating. The mean cycle time is expected to increase

when ATP binding becomes rate limiting, and, to probe this

behavior, we would have to monitor translocation in the pres-

ence of ATP concentrations at or below the Km for the high-

affinity subunits (Km << 35 mM). However, no translocation

activity was observed for ATP concentrations below �29 mM.

Within the accessible ATP-concentration range, we found that

the dwell duration is governed by at least two non-ATP-binding

events (nmin�2). The nonbinding events in the dwell could

correspond to conformational changes within the ClpX ring

that either (1) result from or (2) are completely independent of

ATP binding.

An ‘‘Internal Clock’’ Triggers Polypeptide Translocation
Our results provide a model to rationalize the observed invariant

dwell-time distribution and the variable burst-size distribution

of ClpX as a function ATP concentration. The dwell duration is

largely determined by two slow, non-ATP-binding events. By

the time these slow transitions occur, the two high-affinity sub-

units are ATP bound and, depending on the ATP concentration,

one or two of the low-affinity subunits are occupied with ATP as

well. Due to the constrained ring geometry, only four of the six

subunits can be ATP bound (Hwang and Lang, 2013), which

provides an explanation for why we do not observe bursts of

more than 4 nm even at saturating ATP concentrations. After

the motor hydrolyzes all of the bound ATP molecules, Pi release

and concomitant subunit power strokes occur near simulta-

neously around the ring, resulting in a burst size that is propor-

tional to the number of hydrolyzed ATP molecules. The essence

of this model is that the mean duration of the dwell phase is

constant and set by an ‘‘internal signal’’ or ‘‘clock,’’ which

may or may not follow ATP binding and could, for instance,

correspond to the reaching of a strain threshold in the ring or

the hydrolysis of the first-bound ATP. In contrast to this con-

stant average dwell phase, the burst size is variable and propor-

tional to the number of subunits bound to ATP before the clock

triggers the initiation of a translocation cycle around the ring. As

a result, the ClpXP motor operates at a constant frequency

(fixed ‘‘rpm’’) and a variable burst size (different ‘‘gears’’).

Although our current model, depicted in Figure 6B, suggests

a spatial and temporal order of ATP-docking events, future

single-molecule studies of ClpX mutants will be required to

definitively establish the order of ATP-binding and hydrolysis

events around the hexameric ring.
644 Cell 155, 636–646, October 24, 2013 ª2013 Elsevier Inc.
Biological Implications of the ClpX Translocation
Mechanism
The model proposed here provides a framework to understand

how ClpXP successfully unfolds stable protein substrates. The

ability of the motor to bind four ATP molecules allows it to trans-

locate in large bursts and thus destabilize and rapidly trap

partially unfolded intermediates. For instance, to successfully

unfold GFP, ClpX subunits must near-simultaneously take a

4 nm burst, which results in the extraction and translocation of

b11 from GFP before this strand can refold onto the b barrel.

At saturating concentrations of ATP, the time required for

ClpX-induced unfolding of GFP is determined by the time that

passes before the motor makes a 4 nm burst. In contrast, ClpX

rarely unfolds GFP at ATP concentrations near Km because

hydrolysis under these conditions is always triggered before

four ATP molecules can bind to the motor. In support of our

finding, previous biochemical studies have shown a nonlinear

decrease in GFP degradation with decreasing ATPase rate (Mar-

tin et al., 2008b), whereas a linear correlation emerges for circular

permutants of GFP that do not form a stable unfolding interme-

diate upon extraction of their C-terminal b strand (Nager et al.,

2011). Our results reveal that the decreased probability of the

motor taking a 4 nm burst (from �20% at saturating [ATP] to

�0% at [ATP] near Km) is responsible for the observed nonlinear

decrease of GFP unfolding probability with the ATPase rate.

Based on bulk biochemical studies, it has recently been sug-

gested that the ClpX motor may operate by a partially probabi-

listic mechanism during unfolding and translocation (Stinson

et al., 2013). Our results show that ClpX translocates substrates

using a highly coordinated mechanism in which, regardless of

the number of translocating subunits, the average dwell duration

is constant and followed by a variable burst size that reflects the

firing of a different number of subunits in rapid succession.

Although there is a stochastic element during the loading of

ATP, we observe a high degree of intersubunit coordination

during the rapid burst phase of translocation.

Such a mechanism of a constant cycle time (resulting in a

variable burst size) allows flexibility for ClpX to successfully over-

come unique chemical and mechanical obstacles during poly-

peptide translocation. A constant cycle time governed by an

internal clock provides the motor with a fail-safe mechanism to

drive translocation even when some subunits are not loaded

with nucleotide. This characteristic will allow the motor to pre-

vent substrate disengagement or prolonged periods of stalling

during unfolding attempts when a subset of subunits is unable

to maintain grip on the polypeptide.

Our results thus provide an archetype of molecular-motor

operation that differs significantly from those described previ-

ously for other ring-shaped motors. For instance, the transloca-

tion mechanism of the 429 DNA packaging ATPase requires that

periodic contacts be made by the motor every 10 bp along the

helical pitch of double-stranded DNA. In order to achieve a fixed

burst size of 10 bp, the motor must wait during the dwell until all

subunits are loaded with ATP. This mode of operation may have

been optimized to keep the motor in register with the symmetry

of its DNA substrate and provides a fascinating contrast to our

results on ClpX. Because a polypeptide track is aperiodic,

ClpX cannot rely on contacting a regularly repeating motif, and



its variable burst size (different ‘‘gears’’) and constant cycle time

(constant ‘‘rpm’’) may have arisen as a flexible mechanism that

optimizes its efficiency for robust kinetic trapping of unfolding

intermediates. The distinction between thesemechanisms offers

clear evidence for the evolutionary constraints imposed by

the motor’s substrates to favor certain mechanisms of opera-

tion. The mechanisms described here thus provide important

insights into the operating principles of ATP-dependent prote-

ases and may have critical implications for the understanding

of other ring-shaped ATPases of the AAA+ and RecA families

in general.

EXPERIMENTAL PROCEDURES

Sample Preparation

Biotinylated ClpX single-chain hexamers, GFP-titinCM I27 fusion proteins, and

3 kbp dsDNA handle for protein attached via ybbR tag/Sfp system were pre-

pared as described previously (Maillard et al., 2011; Martin et al., 2005,

2008a). Tethers were assembled in a buffer (25 mM HEPES-KCl [pH 7.4],

20 mM MgCl2, 100 mM KCl, and 0.5 mM EDTA) supplemented with (1)

[ATP] = 35 mM, 45 mM, 100 mM, 200 mM, 0.5 mM, 1 mM, and 5 mM with ATP

regeneration system (Kenniston et al., 2003), (2) [ADP] = 10 mM, 20 mM,

50 mM, 100 mM, and 250 mM in the presence of [ATP] = 100 mM, 200 mM,

500 mM, 1,000 mM and [Pi] = 5 mM, (3) 5 mM, 5 mM, 10 mM NaPO4 (Sigma),

(4) [ATPgS] = 25 mM, 50 mM, 100 mM, 175 mM, and 250 mM (Roche) in the pres-

ence of [ATP] = 500 mM. All single-molecule experiments required 500 nM of

ClpP for the formation of the ClpXP complex (Kd = 90 nM) (Joshi et al., 2004).

Data Collection

Two different dual-trap optical trapping instruments with 1,064 nm laser were

employed (Moffitt et al., 2006). The unfolded polypeptide contour length was

calculated as previously described (Bustamante et al., 1994; Cecconi et al.,

2005; Maillard et al., 2011). Using 0.9 mm polystyrene beads, an oxygen scav-

enging system was added to prevent the formation of the reactive species

singlet oxygen (100 mg/ml glucose oxidase, 20 mg/ml catalase, 5 mg/ml

dextrose; Sigma-Aldrich) (Moffitt et al., 2009).

Analysis

Pauses were removed from velocity using a previously described modified

Kalafut-Visscher (KV) algorithm with a pause threshold and penalty (Kalafut

and Visscher, 2008; Chistol et al., 2012). A cutoff threshold was calculated

by taking three SDs of a gamma-fitted distribution. Velocity was calculated

as the end-to-end distance Dx/Dt. To calculate pause-free velocity, the

selected pauses were removed in the Dt component. Furthermore, we

analyzed the pause density and frequency of ATPgS using the modified KV

algorithm. ATPgS-induced pauses were extracted by removing ATP-only

dwells using a double exponential fit with one time constant fixed to the

mean dwell duration measured at saturating [ATP]. Steps and dwells were

analyzed using pairwise distribution and t test (Moffitt et al., 2009). Data

were filtered to 15–25 Hz and binned into 0.3 and 0.4 nm for the pairwise

distributions. The unfolding events and its related measurements were

measured by a previously described method (Maillard et al., 2011).
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