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ATP-dependent proteases degrade proteins in the cytosol of cells. Two recent articles, by
Aubin-Tam et al. (2011) and Maillard et al. (2011 [this issue]), use single-molecule optical tweezers
to show directly that these molecular machines use the energy derived from ATP hydrolysis to
mechanically unfold and translocate its substrates into the proteolytic chamber.
Most proteins have transient lives inside
the cell, which end when they are
degraded by ATP-dependent proteases.
However, prior to degradation, the protein
must first be unfolded by the protease and
then threaded through the narrow mouth
of the protease’s channel. A long-time
mystery has been, how does the same
molecular machine efficiently unfold
a wide variety of proteins with different
topologies and stabilities? Although most
proteins are readily denatured by high
concentrations of chemical denaturants,
such as urea, these methods of protein
denaturation are not feasible in the mild
environment of the cytosol. Thus, mechanical force has been proposed as the most
plausible mechanism that unfolds proteins
targeted for degradation in the cytosol
(Hochstrasser and Wang, 2001).
Now two independent studies, one in
this issue of Cell (Maillard et al., 2011) and
one in the previous issue (Aubin-Tam
et al., 2011), demonstrate that a prokaryotic ATP-dependent protease, ClpXP, is
a power stroke molecular machine that
can generate forces of up to 20 pN to
unfold and translocate polypeptides into
its proteolytic active site. The results presented in both reports represent a breakthrough in our understanding of protein
unfolding in vivo and pave the way for
future studies that will reveal a protein’s
final destination in unprecedented detail.
Furthermore, these results now conclusively place the mechanical unfolding of
proteins as a keystone in biology.
Since the advent of single-protein force
spectroscopy (Figure 1A), a mechanical

stretching force has been shown to accelerate exponentially the unfolding rate of
a protein (Schlierf et al., 2004), albeit the
mechanical stability varies greatly from
protein to protein. Thus, a mechanical
force is an ideal mechanism for triggering
the unfolding of proteins by ATP-dependent proteases. Nevertheless, direct
evidence that these macromolecular
complexes use mechanical forces to
unfold their substrates has been missing.
To study the mechanism of protein
unfolding and translocation by the ClpXP
motor, both Aubin-Tam et al. and Maillard
et al. use a single-molecule optical
tweezer setup (Figure 1B). This allows
them to apply a calibrated force to the
distal end of ClpXP’s substrate, which
counteracts the ‘‘pull’’ by ClpXP as the
substrate threads through the protease’s
mouth. Both groups then measure the
distance from the ClpXP to the distal
end of the substrate. These measurements reveal abrupt elongations of the
substrate at the nanometer scale, which
have become the signature for proteins
unfolding under force (Fernandez and Li,
2004). The elongation events are immediately followed by translocation of the
unfolded polypeptide into the protease,
against the pulling force. In addition,
both groups find that the translocation
speed decreases with increasing pulling
forces, with the stall force of the AAA+
motor estimated at 20–30 pN.
In the study of Aubin-Tam and
colleagues, the protease substrate is
a protein with eight human filamin A
domains connected by flexible linkers.

The b sandwich fold of this domain is mechanically stable, and its unfolding has
been studied by single-protein force
spectroscopy (Furuike et al., 2001). Using
this polyprotein as a substrate provides
a clear mechanical fingerprint for degradation: peaks of unfolding are followed
by a rapid translocation of the protein
and then a pause that unambiguously
represents the time needed to unfold
the next protein in the chain. There are
many satisfying details in these recordings. For example, after the protease fully
consumes each filamin domain, the overall end-to-end length of the polyprotein
shortens by 4 nm. This is approximately
the length of a folded filamin domain, confirming its full disappearance from the
polyprotein. Another striking finding is
that the dwell times marking the duration
of the translocation pauses between unfolding events are independent of the
pulling force. This result contradicts
more than 10 years of force spectroscopy
studies on single proteins, which predict
that unfolding dwell times should drop to
less than a third when the pulling force is
increased from 4 pN up to 20 pN.
Furthermore, at high probe forces
(>15 pN), distal filamin modules that are
not bound to ClpXP’s mouth are occasionally seen to unfold in the experiments
by Aubin-Tam and colleagues. At these
same high forces, the unfolding dwell
times of the proximal domains abutting
ClpXP remained unchanged. What could
explain these puzzling results?
In single-protein force spectroscopy,
the force is applied between the protein’s
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Figure 1. Force-Induced Protein Unfolding by ATP-Dependent
Proteases
These are the two forces that
questions and the other
(A) In the standard geometry for single-protein force spectroscopy experieventually unfold the target
mysteries of protein-mediated
ments, a stretching force is applied to the two termini of a protein.
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