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ABSTRACT: Clp, Lon, and FtsH proteases are proteolytic molecular machines that use the free energy of
ATP hydrolysis to unfold protein substrates and processively present them to protease active sites. Here
we review recent biochemical and structural studies relevant to the mechanism of ATP-dependent processive
proteolysis. Despite the significant structural differences among the Clp, Lon, and FtsH proteases, these
enzymes share important mechanistic features. In these systems, mechanistic studies have provided evidence
for ATP binding and hydrolysis-driven conformational changes that drive translocation of substrates, which
has significant implications for the processive mechanism of proteolysis. These studies indicate that the
nucleotide (ATP, ADP, or nonhydrolyzable ATP analogues) occupancy of the ATPase binding sites can
influence the binding mode and/or binding affinity for protein substrates. A general mechanism is proposed
in which the communication between ATPase active sites and protein substrate binding regions coordinates
a processive cycle of substrate binding, translocation, proteolysis, and product release.

ATP-dependent proteases degrade abnormal or damaged
proteins as well as short-lived regulatory proteins to maintain
proper cellular function (/). On the basis of sequence
homology, the ATP-dependent proteases are assigned to the
AAA"T (ATPases associated with a variety of cellular
activities) family of proteins, the members of which are
involved in processes that include DNA replication, tran-
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scription, membrane fusion, and proteolysis (2). These
proteins all share a highly conserved ATPase module
consisting of the Walker A and B motifs. Another common
feature is the presence of sensor residues toward the
C-terminus, which function to sense the presence of a
y-phosphate in the nucleotide and to catalyze nucleotide
hydrolysis. The C-terminus also contains a domain proposed
to interact with protein substrates, which has been termed
the substrate sensor and discrimination (SSD) domain (3).

Like other AAA™ proteins, ATP-dependent proteases are
oligomeric enzymes which assemble into ring-like or barrel-
like structures, forming a cavity within the center of the
macromolecular structure (4). This central cavity is also
known as the proteolytic chamber, where unfolded protein
substrates are translcoated and subsequently degraded by the
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proteolytic site. Degradation of structured protein substrates
requires the presence of ATP. During protein degradation,
ATP is hydrolyzed; however, the cleavage of the peptide
bond and the hydrolysis of ATP are not necessarily stoichi-
ometrically coupled (5). In the degradation of unstructured
peptides or proteins by some of the ATP-dependent proteases,
binding alone of ATP is sufficient, but the efficiency of
peptide bond cleavage is reduced compared to the efficiencies
of the reactions accompanied by ATP hydrolysis (6). As the
ATPase domains found in the ATP-dependent proteases have
been shown to function as molecular chaperones or motors
in other proteins that remodel substrates, it has been proposed
that one of the functions of the ATPase domain in these
proteases is to unfold and/or translocate protein substrates
).

ATP-dependent proteases can be divided into two catego-
ries: the heterosubunit complexes that contain an ATPase
component and a separate protease component and the
homosubunit complexes that contain an ATPase and a
protease component within the same polypeptide subunit (4).
In bacteria, the heterosubunit class is composed of mainly
the Clp-like proteases, while the homosubunit class is
composed of Lon-like and FtsH-like proteases. Despite the
difference in subunit organization, the two classes of ATP-
dependent proteases share architectural and mechanistic
similarities. Crystallographic studies of AAA™ proteins, in
conjunction with biochemical—mutagenesis experiments,
support a general mechanistic theme for the ATPase module:
that the ATPase module functions to unfold, translocate, and
activate the proteolytic site through conformational changes
induced by repetitive ATPase cycles (8, 9). In the presence
of ATP, Clp, Lon, and FtsH proteases degrade protein
substrates without generating partially digested protein
intermediates (/0—12). During the time course of the reac-
tions, only undigested substrates and fully digested peptide
products are produced, suggesting that proteolysis is pro-
cessive. Since protein degradation is typically accompanied
by repetitive cycles of ATP binding and hydrolysis, it is
plausible that the ATPase activity contributes to processivity.

A general mechanistic scheme accounting for the role of
the ATPase in the ATP-dependent proteolysis mechanism
can be proposed (Figure 2). Crystallographic studies of the
heterosubunit ATP-dependent protease HsIUV (also known
as ClpYQ) have provided structural insights into the con-
formational changes associated with the ATPase cycle (9),
and structural along with biochemical studies performed on
other Clp proteases (/0, 12-23) have provided additional
mechanistic information. The mechanistic model proposed
for HslUV is often used as a reference point for comparison
in mechanistic proposals for Lon and FtsH, which also draw
on crystallographic studies. In the proposed model, the
ATPase module of the ATP-dependent protease first binds
or interacts with a specific recognition peptide element within
a protein substrate in a manner independent of ATP (step
1). Although the substrate specificities are not well-defined
for all ATP-dependent proteases, examining the degradation
profiles of selected protein substrates reveals that transloca-
tion is initiated at a specific interaction site between the
protein substrate and the ATPase module. In the Clp and
FtsH proteases, an 11-amino acid residue sequence known
as the ssrA tag (7, 24) and other short sequence motifs (25, 26)
have been shown to serve as recognition tags. In Lon
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protease, protein degradation is also initiated by interaction
of the enzyme with certain specific recognition elements
within the substrate, but no consensus sequences have been
identified (27, 28). The presence of ATP induces a series of
conformational changes within the enzyme subunits that leads
to unfolding (step 2), followed by internalization (also known
as translocation) of the protein substrate into the central
cavity (step 3). Polypeptide unfolding and translocation are
proposed to constitute the rate-limiting step of the reaction
(18). Both unfolding and translocation are hypothesized to
be carried out by repetitive cycles of ATP hydrolysis that
induce conformational changes within the ATP-dependent
protease structure (6, 9). It is suggested that the ATPase
module of the ATP-dependent proteases unfolds and trans-
locates protein substrates into the central cavity of the
protease structure via a threading mechanism (10, 27) (i.e.,
the polypeptide substrate is transported through the narrow
central pore of the enzyme in a roughly linear conformation).
Although the details of the kinetic coordination of the
unfolding and translocation steps are not clear, the two
processes can be experimentally separated and independently
evaluated. By using unstructured substrates, the translocation
and peptidase events can also be selectively examined. In
step 4 of Figure 2, the unfolded and translocated polypeptide
substrates are sequestered within the central cavity of the
protease machinery (the proteolytic chamber), where peptide
bond cleavage occurs. While this mechanism predicts the
sequence of events occurring along the reaction pathway, it
does not reveal how different nucleotide-liganded enzyme
forms relate to specific steps. Mechanistic studies directed
toward elucidating the functional roles of the various enzyme
intermediates generated by the ATPase cycle are therefore
needed.

Understanding the functional roles of the enzyme inter-
mediates generated by microscopic events along the ATPase
cycle is likely to be required to explain how ATP-dependent
proteases maintain their processivity. Since the degradation
of protein substrates generates only completely digested
peptides ranging from approximately 5 to 20 amino acids
without generation of partially digested protein intermediates,
we conclude that ATP-dependent proteases degrade their
substrates processively; however, it is not clear how the
substrate translocation event is coordinated with peptide bond
cleavage to accomplish the observed processivity. Proces-
sivity would seem to require coordination of reactions at the
ATPase and peptidase sites to ensure that the translocating
substrate was continuously fed into the proteolytic chamber.
However, the details of this coordination might differ
substantially between systems where the ATPase and pro-
tease active sites are covalently linked (e.g., Lon and FtsH
proteases) and those where that association is noncovalent
(e.g., the Clp proteases). In the remaining sections of this
work, we will discuss existing data that provide support for
the proposed general mechanism, as well as unique mecha-
nistic features pertinent to the Clp, Lon, and FtsH systems.

ULTRASTRUCTURE OF CLP PROTEASES

The Clp proteases are complexes of two distinct oligomeric
enzymes. The protease component is a heptameric serine or
threonine protease; Clp family proteases include ClpP and
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FIGURE 1: Ultrastructures of the ATP-dependent proteases Clp and
Lon. In the top panel, the active complex in Clp proteases comprises
two protease heptamers (ClpP, red) and two ATPase hexamers
(ClpA or ClpX, blue). The two oligomeric components assemble
into a cylindrical structure with a central pore that is sufficiently
wide to accommodate a translocating polypeptide. In the bottom
panel, each subunit of Lon is comprised of an ATPase component
(gray) and a protease component (orange). The subunits self-
assemble in the presence of Mg?* to form an oligomeric structure
with a central cavity that can presumably accommodate a translo-
cating polypeptide.
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HslV (I, 4). The ATPase component is a hexamer in its
active form; Clp family ATPases include ClpA, ClpX, and
HslU (7).

Binding of ATP to the Clp ATPases is required for them
to assume their active, hexameric form (Figure 1). For ClpX,
each subunit contains a single AAA™ ATP binding module,
including a Walker A and Walker B motif (29). This binding
site is thus required both for hexamerization and for catalytic
activity. In the case of ClpA, each subunit contains two
AAA™ ATP binding modules. One binding site appears to
be mainly required for hexamerization (although it does
catalyze ATP hydrolysis at a low rate), while the second
site catalyzes rapid ATP hydrolysis and appears to be
responsible for the bulk of the observed ATPase activity (30).
Once formed, the hexameric complex is stable over multiple
turnovers (22). An X-ray structure of hexameric HslU in
complex with HslV has been determined (37); for CIpA (15)
and ClpX (/9), monomer structures have been determined,
allowing construction of hexameric models (8, 15, 32) that
agree with structural data from electron microscopy (/7).

ClpP (33) is a serine protease and HslV (31) a threonine
protease that form stable dimers of oligomers (hexamers for
HslV, heptamers for ClpP). The tetradecameric assembly of
ClpP forms a cylindrical structure with a channel running
down the central axis (Figure 1) and a central cavity ~50 A
in diameter (/3). Structural and functional studies of ClpP
(34) suggest that protein substrates enter through the axial
pores at the ends of the protease complex, while peptide
products have two potential exit routes: through the axial
pores or through a set of equatorial pores. Both of these
routes appear to be conformationally gated. In the case of
the equatorial pores, motions associated with the proposed
gating can be detected by NMR, and disulfide cross-linking
in the pore region results in trapping of small substrates in
the complex (35). In the case of the axial pores, X-ray
structures indicate that the N-terminus of the complex may
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either form a stable helix outside the axial pores or occupy
the pore in disordered form (36).

Typically, the active complex in Clp proteases comprises
two protease heptamers and two ATPase hexamers (17, 37)
(Figure 1). Electron micrographs of the CIpAP complex
indicate that the proteins assemble into a cylindrical structure
with a central pore that is sufficiently wide to accommodate
a translocating polypeptide (/7). Each ATPase hexamer
interacts directly with one protease heptamer, suggesting that
protein substrates pass directly from the central pore of the
ATPase to the central pore of the protease. In addition, the
protease heptamers are stably bound to each other; for ClpP,
the dissociation constant for the heptamer—heptamer interac-
tion is subnanomolar (22). For CIpAP, the ATPase—protease
complex is stable for multiple turnovers. However, the
canonical complex is not necessarily the only active species
in vivo: complexes with only a single ATPase are also likely
to be catalytically active, as are complexes with two different
ATPases (e.g., ClpA and ClpX).

One surprising consequence of the structural models for
Clp proteases is that the 7-fold symmetry of the ATPase
component is not matched to the 6-fold symmetry of the
protease component. Conformational changes that establish
pseudosymmetry have been proposed as likely intermediates
in the catalytic cycle, on the theory that symmetry matching
would allow favorable complementary interactions between
the two components to be maximized (36). Structures of ClpP
suggest that conformational changes in the N-terminus could
induce pseudo-6-fold symmetry via removal of a single
N-terminus from the axial pore (36). Further work will be
necessary to ascertain the extent to which conformational
changes of the complex induce pseudosymmetry.

Taken as a whole, the structural data suggest that although
the ATPase and protease sites are on different polypeptides,
the entire ATPase—protease complex acts as an integrated
functional unit. However, these studies alone do not provide
the details of how conformational changes in the two
components allow the complex to carry out its functions of
unfolding, translocating, and hydrolyzing protein substrates.
Functional studies have begun to provide a full mechanistic
description of these proteolytic machines.

STEADY-STATE KINETIC—FUNCTIONAL
STUDIES OF CLP PROTEASES

Steady-state kinetic studies indicate that ATP hydrolysis
is coupled to processive proteolysis of protein substrates in
the Clp proteases. Although the rate of ATP hydrolysis in
the absence of protein—substrates can be surprisingly high,
addition of protein substrates increases the ATPase rate (38).
In addition, ATP hydrolysis is required for the proteolysis
of large protein substrates, whether they are folded or
unfolded, while smaller peptides can be proteolyzed in an
energy-independent fashion (72, 38). These results indicate
that the Clp ATPases require the energy of ATP hydrolysis
to unfold protein substrates and present them to the protease
active sites (Figure 2).

Clp proteases appear to act as molecular machines, using
the free energy of ATP hydrolysis to do the mechanical work
of unfolding protein substrates (/6, /8, 39). Many equivalents
of ATP are hydrolyzed per protein unfolded, and the free
energy expended is typically in great excess over the folding
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FIGURE 2: Proposed general mechanism for ATP-dependent proteases. The oligomeric structure of a heterosubunit ATP-dependent protease
is used as an example to illustrate the general mechanism. For some processive proteases, step 2 can be bypassed by using an unstructured
protein as a substrate. Step 4 can be removed from the reaction scheme when proteolytically inactive enzyme mutants possessing wild-type

ATPase activities are used.

free energy of the substrate. The rate of protein unfolding is
correlated not only with the global stability of the protein
(18) but also with the local stability of the substrate at the
substrate recognition site (e.g., the ssrA tag of ClpA/X
substrates) (10, 40). Experiments with a ClpX construct in
which the six subunits are fused into a single polypeptide
indicate that a single active subunit is sufficient to unfold
protein substrates. Taken together, these results support a
model in which one or more ATP hydrolysis events are
coupled to a conformational change in an ATPase subunit
that exerts force on the folded protein substrate. In this model,
each individual conformational change has a low probability
of unfolding the protein, and multiple ATPase cycles
involving multiple subunits are required to ensure a high
probability of substrate unfolding.

Efficient translocation of unfolded protein substrates also
requires ATP hydrolysis. Natively unfolded substrates such
as casein and carboxymethylated titin require ATP hydrolysis
to be proteolyzed at their maximal rates (12, /8). Analysis
of the stoichiometry of ATP hydrolysis by ClpX (/8)
suggests that several ATP molecules are hydrolyzed for each
substrate residue translocated through the ClpX complex.
These studies support the idea that the ClpA/X ATPases
actively drive unfolded polypeptides through the central pore
of the complex and into the central chamber of the protease.
In the most parsimonious model, the ATPase conformational
change that exerts force on folded substrates to unfold them
is the same as the one that exerts force to translocate the
substrate after it is unfolded. The high number of ATPs
hydrolyzed per substrate translocated (~10%) suggests that
multiple conformational change cycles take place during each
translocation event and/or that ATP hydrolysis is very
inefficiently coupled to the conformational change.

CHARACTERIZING DISCRETE INTERMEDIATES
IN SUBSTRATE TRANSLOCATION

Steady-state kinetic experiments support a model in which
protein translocation is coupled to repetitive cycling of
conformational changes in ClpA/X. To test this model, efforts
have been made to characterize microscopic steps within a
single turnover using transient-state kinetics and related
approaches. Stopped-flow kinetic experiments have been
carried out in which fluorescence resonance energy transfer
between a ClpP-bound fluorophore and a substrate-bound
fluorophore reports on substrate translocation (27). Full
development of the FRET signal requires ~10 s, suggesting
that translocation takes place on this time scale. In addition,
the FRET signal exhibits a lag phase (~1 s), consistent with

translocation occurring in multiple steps; as originally shown
for DNA helicases, a lag phase is observed when multiple
irreversible substeps are required to take place before the
signal of interest can be observed (47).

Analysis of CIpAP peptide products also supports the idea
that translocation of protein substrates takes place in multiple
discrete steps. The distribution of peptide product sizes
exhibits a peak at seven to eight amino acid residues (/4).
If translocation occurred continuously, the distribution of
product sizes would be expected to be exponential (i.e.,
exhibiting a peak at zero residues). The observation of a non-
zero peak in the product size distribution thus suggests that
ClIpA translocates protein substrates in discrete steps. In
addition, perturbations that change the rate of ATP hydrolysis
and/or amide bond hydrolysis do not affect the product size
distribution, which would be expected if ClpA and ClpP
activities are coordinated, with a translocation step triggering
activation of amide bond hydrolysis by ClpP. Kinetic
simulations of several alternative mechanisms for size
control, such as the exit pores acting as a filter that excludes
large peptides, do not account for a peak in the size
distribution that is not affected ATPase or protease rate.

Recent work has investigated the structural and functional
properties of proposed intermediates in protein translocation.
Using protein substrates engineered to include a photoreac-
tive group, Horwich and co-workers demonstrated that the
translocating substrate contacts the D2 loop of ClpA (8). Site-
directed mutagenesis of the residues that react in the
photolabeling experiments confirms the functional impor-
tance of this region of the protein, a loop that occupies the
central pore of the CIpA hexamer in the model derived from
crystallographic studies of the monomer (/5). On the basis
of these experiments, Horwich and co-workers propose a
mechanism in which the D2 loop binds to protein substrates
at the mouth of the ClpA pore, and ATP hydrolysis initiates
a conformational change that brings the D2 loop and the
bound substrate through the pore. This proposed conforma-
tional change would thus move the D2 loop from the initial
substrate binding site at one of the axial openings of ClpA
(D2 in the “up” conformation) to the other axial opening
(D2 in the “down” conformation), which faces ClpP,
positioning the substrate to exit CIpA and enter ClpP. Recent
mutational studies in a homologous loop in the ATPase
component of HsIUV support a similar role for the Tyr
residue in mediating substrate translocation (20).

Mechanisms in which CIpA binds, translocates, and
releases a protein substrate imply that the conformational
changes that mediate translocation also cause a change in
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FIGURE 3: (a) Working model for coordination of conformational
changes in energy-dependent substrate translocation by ClpA.
Substrate (purple) binds to the D2 loop (cyan), which carries it
into ClpP and releases it. (b) Structural model for the proposed
conformational change [(based on the previously proposed hex-
americ models (8, 15)].

Lon + ATP +S Lon:ATP:S —> Lon:ATP:Pd
LonADP = Lon:ADP:Pi:Pd

S = a peptide bond in a protein substrate
Pi = inorganic phosphate
Pd = hydrolyzed peptide products

FIGURE 4: Proposed ATP—ADP exchange proteolytic mechanism
for Lon.

substrate binding affinity. Recent single-molecule fluores-
cence studies support this view (42). Total internal reflection
microscopy allows individual CIpA binding events to be
detected for a fluorescently tagged peptide substrate. The time
that the substrate spends bound to ClpA depends on what
nucleotide is present. When the poorly hydrolyzable ATP
analogue ATPyS is present, at least two distinct residence
times are observed: one short (~100 ms) and the other long
(~10 s). However, in the presence of ATP, which ClpA
hydrolyzes rapidly to ADP, only one distinct residence time
is observed, at an intermediate duration (~1 s). These results
are consistent with a model in which nucleotide hydrolysis
causes changes in substrate affinity. In addition, the results
support the hypothesis that the prehydrolytic state of the
enzyme exhibits the highest substrate binding affinity
(although short, nonproductive events are also observed),
while the posthydrolytic state exhibits lower affinity. These
results, in combination with the observations about the
function of the D2 loop (20), support a mechanism in which
ATP hydrolysis drives both the motion of the D2 loop
through the central pore and a switch to a low-affinity binding
conformation, allowing release of the translocated peptide
into ClpP (Figure 3).

STRUCTURE AND FUNCTION OF LON

Unlike the Clp protease complexes that contain separate
oligomeric subunits for ATP hydrolysis and proteolysis, Lon
is a homo-oligomer composed of identical subunits, which
carry both ATPase and protease domains. Each Lon subunit
has four domains (43): the amino-terminal (N) domain that
is implicated in the binding of some protein substrates, the
ATPase (A) domain containing Walker A and B motifs
mediating ATP binding and hydrolysis, the proposed sub-
strate sensor and discriminatory domain (SSD), and the
proteolytic domain (P-domain) located at the carboxyl
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terminus. As a significant degree of sequence homology is
shared between the ATPase domains of Lon and the other
ATP-dependent proteases, it is proposed that the function
of ATP binding and hydrolysis in Lon is to unfold and
translcoate substrates.

Structural studies demonstrate that the Lon holoenzyme
is a large homo-oligomeric ring-shaped complex. Unlike the
Clp proteases, oligomerization of enzyme subunits requires
the presence of Mg?>" but is independent of ATP. As
demonstrated by analytical ultracentrifugation and electron
microscopy studies, bacterial Lon proteases are hexameric
ring-shaped structures containing a central cavity (44, 45),
whereas Saccharomyces cerevisiae Lon (ScLon)' is a hep-
tameric ring-shaped complex with flexible subunits (46). In
the absence of nucleotide, the ring-shaped complexes of
ScLon contain asymmetric enzyme subunits. However, in
the presence of ATP or nonhydrolyzable ATP analogues,
the enzyme subunits form symmetric ring-shaped complexes,
suggesting that ATP promotes conformational changes within
the enzyme subunits. Limited proteolytic footprinting studies
of EcLon also reveal that adenine nucleotide protects Lon
from nonspecific proteolysis, thereby providing support for
the existence of at least one conformational change occurring
in Lon upon binding to ATP, as observed in the crystal-
lographic studies of HslU (47, 48).

At present, only structures of the truncated N-terminal
domain, the carboxyl terminus of the ATPase module
including the substrate sensor and discriminatory domain
(SSD), and the proteolytic domain of several bacterial Lon
homologues have been determined (3, 43). The structures
of the proteolytic domains of bacterial Lons are hexameric
rings containing a central cavity, and the presence of a
proteolytic dyad consisting of a conserved Ser and Lys has
been implicated; however, these proteins are inactive.
Replacement of the Ser or Lys residue in the catalytic dyad
with an Ala abolishes the proteolytic activity but not the
ATPase activity (5, 49, 50). Mutations in the vicinity of the
proteolytic site Ser 679 lead to reduction in the ATPase
activity of EcLon, but the mechanism for this reduction in
activity is yet to be determined (50). In contrast, mutation
of the ATP-binding site abolishes both the ATPase and
protease proteolytic activities of EcLon. Interestingly, mixed
oligomeric complexes composed of wild-type EcLon and the
inactive EcLon E614K mutant are inactive (57). Collectively,
these results indicate that the catalytic activity of Lon is
significantly affected by the communication between the
ATPase and the proteolytic sites as well as by intersubunit
interactions with the enzyme, a characteristic mechanistic
feature found in the AAA™ proteins.

FUNCTIONAL STUDIES OF LON

As the degradation of unstructured polypeptides by Lon
can be sustained by nonhydrolyzable analogues of ATP such
as AMPPNP with identical cleavage specificity, it has been
proposed that ATP hydrolysis is needed for unfolding the

! Abbreviations: AMPPNP, adenylyl 5-imidodiphosphate; Abz,
anthranilamide; Bz, benzoic acid; Mant, 2’(3")-O-(N-methylanthra-
niloyl); dansyl, 5-(dimethylamino)-1-naphthalenesulfonyl; EcLon, Es-
cherichia coli Lon protease; ScLon, S. cerevisiae Lon protease; NSF
D2, N-ethylmaleimide-sensitive factor second ATPase domain; SRH,
second region of homology.
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substrates, whereas ATP binding alone is minimally needed
for activating peptide bond cleavage (6). This proposal fits
the general reaction scheme depicted in Figure 2 in which
an unfolded protein substrate is translocated into the central
cavity in Lon where it is sequestered and degraded. An
important aspect in the enzymology of Lon is thus to
elucidate the functional roles of the enzyme intermediates
generated in Lon during each ATPase cycle.

As protein substrates are cleaved by Lon in the presence
of ATP at multiple sites to yield small peptide products, it
is proposed that Lon utilizes a repetitive reaction cycle to
sequentially process each scissile peptide bond in a protein
substrate (6). According to this model, the activity of Lon is
modulated by an ATP—ADP exchange mechanism such that
the binding of ATP and ADP to Lon activates and inactivates
the enzyme, respectively. Equilibrium binding studies per-
formed by Menon and Goldberg demonstrated that ADP
binds to Lon with a much higher affinity than inorganic
phosphate and ATP. It is thus proposed that ADP release
limits enzyme turnover (6). Protein or polypeptide substrates
that stimulate the ATPase activity of Lon can bind to an
allosteric site in Lon to promote the release of ADP. Because
the proposed active form of the enzyme is the ATP-bound
form, it is implied that ATP hydrolysis occurs after peptide
cleavage. While this model accounts for the ATP requirement
in Lon, it does not explain why ATP, which is hydrolyzed
during peptide cleavage to yield ADP, is a better activator
compared to the nonhydrolyzable ATP analogues. A more
detailed analysis of the kinetic mechanism of the ATP-
dependent peptidase mechanism is therefore needed.

Because of the complexity of the reaction sequence, the
choice of a substrate is crucial for elucidating the microscopic
events occurring along the Lon reaction pathway. Relatively
large proteins are not optimal substrates for mechanistic
analysis because they contain multiple and diverse Lon
cleavage sites, which will not allow for a clear correlation
between ATP binding and hydrolysis and a single peptide
cleavage event. The hydrophobic tetrapeptides that have been
used as substrates in characterizing Lon are also suboptimal
because they inhibit the ATPase activity of the enzyme and
are degraded at a significantly slower rate as compared to
protein substrates (6). A fluorogenic peptide substrate
(FRETN 89-98) containing residues 89-98 of the 4 N protein
is cleaved via a mechanism similar to that of the full-length
protein (52). Most importantly, this peptide substrate stimu-
lates the ATPase activity of Lon as protein substrates do,
and its degradation proceeds at a faster rate when ATP is
hydrolyzed. Therefore, this peptide has been used to deter-
mine the timing of ATP hydrolysis and peptide bond
cleavage in one ATPase cycle (52). Kinetic studies with this
model substrate could potentially be used as a testing ground
to evaluate how the cleavage of the different peptide bonds
in an unfolded protein substrate is coordinated with the
substrate translocation step.

Using the hydrolyzed products of ATP and FRETN 89-98
as inhibitors, steady-state kinetic analyses were used to
construct a kinetic model that contains the minimum number
of steps involved in the ATP-dependent peptide hydrolysis
reaction by EcLon (52). Furthermore, ADP has been shown
to act as a competitive and a noncompetitive inhibitor against
the ATPase and the peptidase activity of EcLon, respectively.
The apparent K; of ADP increases with the concentration of
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FIGURE 5: Proposed kinetic mechanism for the first turnover of an
ATP-dependent peptide cleavage reaction in EcLon.

peptide substrate, thereby providing kinetic evidence to
support the possibility that protein or peptide substrates bind
to an allsoteric site in Lon to promote the release of ADP.
To measure the kinetics of ADP interacting with EcLon, the
fluorescently labeled nucleotide Mant-ADP has been used.
Transient kinetic experiments performed to test the hypoth-
esis that ADP release is rate-limiting in turnover reveal that
Mant-ADP release matches the k., of Mant-ATPase turnover
in Lon in the absence but not in the presence of peptide
substrate (53). Further studies will thus be required to define
the molecular nature of the rate-limiting step in the ATPase
turnover reaction.

Menon and Goldberg utilized a radioactive nucleotide
binding assay to demonstrate that despite being a homohex-
amer, EcLon exhibits two distinct affinities for ATP (K4 <
1 and 10 uM, respectively) (6). Rapid quench experiments
further demonstrate that the two kinds of ATPase sites differ
in their rates of catalyzing ATP hydrolysis, which suggests
that they exhibit different functions in mediating peptide
cleavage (54). The low-affinity sites catalyze ATP hydrolysis
prior to peptide bond cleavage and are 3 orders of magnitude
faster in hydrolyzing ATP than the high-affinity sites. During
the time regime when the peptidase reactions were monitored,
only the low-affinity sites hydrolyzed ATP. Therefore, it is
conceivable that the low-affinity ATPase sites function to
promote peptide translocation, whereas the high-affinity sites,
which remain ATP-bound, allow the enzyme to cleave the
translocated peptide. In fact, although the high-affinity sites
hydrolyze ATP at a much reduced rate compared to the low-
affinity sites, selective occupancy of ATP at the high-affinity
sites supports multiple rounds of peptide cleavage at reduced
efficiency, thereby confirming that the proteolytic site of Lon
can be minimally activated by ATP bound to the high-affinity
sites. Nevertheless, ATP binding and hydrolysis at both the
high- and low-affinity sites are necessary for optimal
cleavage.

A PROPOSED KINETIC MODEL FOR THE
ATP-DEPENDENT PEPTIDE BOND CLEAVAGE
REACTION

The mechanism shown in Figure 5 accounts for the
microscopic events detected in the first turnover of ATP-
dependent FRETN 89-98 cleavage. The binding of peptide
and that of ATP are independently measured by fluorescence
spectroscopic techniques (55). A fluorescence anisotropy
study was used to demonstrate that the peptide substrate
containing residues 89-98 of 4 N and a dansyl moiety
(dansyIN 89-98) binds to Lon (enzyme form I) in a manner
independent of ATP. The Kj of peptide binding is comparable
to the K,, of FRETN 89-98 cleavage, indicating that the
presence of ATP does not alter the affinity of Lon for the
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peptide, and the binding of peptide undergoes a rapid
equilibrium mechanism. To monitor ATP binding, Mant-
ATP was used as a probe (53). Stopped-flow fluorescence
kinetic experiments reveal that the ATP binding to Lon
(enzyme form I) proceeds through a two-step mechanism
composed of initial ligand binding (to produce enzyme form
II) followed by a conformational change step (to produce
enzyme form III). The kinetic profiles of Mant-ATP and
Mant-AMPPNP (a nonhydrolyzable analogue of Mant-ATP)
binding are identical and independent of the presence of
peptide. Collectively, these results suggest that peptide and
ATP bind to Lon in a manner independent of one another to
form the ternary complex as represented by enzyme form
Il in Figure 5. Furthermore, the intermediate that distin-
guishes the ATP- and AMPPNP-activated forms occurs after
the formation of enzyme form III.

Using [a-?P]ATP and FRETN 89-98 as reagents, the
timing of ATP hydrolysis and peptide bond cleavage was
determined by transient kinetic experiments. The first
turnover of ATP hydrolysis displays burst kinetics with a
rate constant of 10 s™!, while the hydrolysis of FRETN 89-98
under identical conditions displays lag kinetics with a rate
constant of ~1 s™! (52). On the basis of these findings, it is
concluded that ATP hydrolysis occurs before peptide bond
cleavage, and the formation of a proteolytically competent
enzyme intermediate depends on the buildup of an interme-
diate generated by ATP binding and/or hydrolysis.

To characterize the “ATP-dependent intermediate” that
was proposed on the basis of the kinetics of ATP and FRETN
89-98 hydrolysis, the kinetics of dansyIN 89-98 interacting
with two proteolytically inactive Lon mutants (S679W and
S679A) were determined (55). The dansyl moiety in dansyIN
89-98 interacts with the Trp residues in each Lon mutant
(three Trp residues in S679A and four in S679W) to generate
fluorescence resonance energy transfer signals that were
detected by stopped-flow kinetic techniques. In the two
mutants, the proteolytic residue Ser 679 was replaced with
Ala and Trp, respectively. As both mutants displayed wild-
type ATPase activity, their interactions with dansyIN §9-98
during the binding and hydrolysis of ATP could be kinetically
characterized. A first-order rate constant of ~10 s™! was
detected for the peptide interacting with S679W. This rate
constant agrees with the burst rate constant detected for the
first turnover of ATP hydrolysis. Therefore, the formation
of enzyme form IV is likely facilitated by the coupled
hydrolysis of ATP. In accord with this proposal is the
detection of an ~10-fold lower rate constant for the formation
of enzyme form IV when ATP is replaced with the
nonhydrolyzable analogue AMPPNP. Further support comes
from the observation that the lag rate constant for peptide
bond cleavage in the presence of AMPPNP is also ~10-
fold lower compared to that of the ATP-mediated peptidase
reaction.

Another enzyme intermediate, designated enzyme form V
in Figure 5, was detected when dansyIN 89-98 was mixed
with the mutant S679A or S679W in the presence of ATP
(55). The rate constant for the formation of enzyme form V
(~0.8 s~1) approximates the pre-steady-state lag rate constant
for cleavage of FRETN 89-98 by wild-type Lon (~1 s71).
Therefore, it is proposed that step 4 contributes to the rate-
limiting step in the first turnover of Lon-mediated peptide
bond cleavage in the presence of ATP. Since the formation
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of enzyme form V occurs before peptide bond cleavage and
exhibits the same ATP dependency as the substrate trans-
location found in ATP-dependent proteases (step 3 in Figure
2), it has been proposed that step 4 of Figure 5 constitutes
the substrate translocation step.

Given the variety of methods that have been used to
characterize the substrate translocation step in the Clp
proteases, the ATP dependency of the proposed substrate
translocation in Lon should be testable by comparable
techniques. Moreover, in considering the degradation of the
full-length AN protein, one should be able use the kinetic
model shown in Figure 5 as a starting point for evaluating
whether the cleavage of each site undergoes the same
repetitive catalytic cycle. An alternative model in which some
or all of the potential cleavage sites are first translocated to
the central cavity prior to peptide bond cleavage (a mech-
anism similar to that proposed for the Clp proteases) can
also be tested.

STRUCTURE AND FUNCTION OF FTsH

Of the three ATP-dependent proteases discussed in this
work, FtsH is the only integral membrane protein (26). The
amino terminus of each FtsH subunit consists of two
transmembrane domains flanked by a periplasmic (inter-
membrane) domain (~20% of the full-length polypeptide
subunit). As in the case of bacterial Lon, FtsH is a
homohexameric protein containing an ATPase module and
a protease domain. The protease domain contains a conserved
Zn(Il) binding motif, which is defined by the sequence
HEXXH, where X is any amino acid residue. The proteolytic
activity of FtsH is stimulated by Zn(Il) (26). Crystal
structures of truncated FtsH containing the protease domain
and the soluble cytosolic subunits lacking the transmembrane
domains reveal that the Zn(II) is coordinated with two His
residues and an Asp in the proteolytic site (56, 57). Because
of the presence of the SRH (second region of homology)
motif toward the carboxyl end of the ATPase module, FtsH
is often termed an AAA protease, which constitutes a
subfamily of the AAA™ protein (2). Electron microscopy
analysis (58) and crystallographic studies of different trun-
cated constructs of the bacterial homologues (56, 57) suggest
a ring-shaped structure for FtsH. Like Lon protease, the six
enzyme subunits self-assemble to form a central pore leading
into a cavity where the proteolytic sites are located.

An intriguing property of FtsH is its ability to extract
protein substrates from the membrane lipid bilayer while
conducting ATP-dependent protein degradation (26). As a
membrane bound ATP-dependent protease, FtsH degrades
both regulatory cytoplasmic proteins such as heat shock
protein transcriptional regulatory 032 and uncomplexed
membrane protein subunits such as the Fya subunit of the
ATP synthetase. Like those of other ATP-dependent pro-
teases, the substrate specificity of FtsH is not well defined.
The enzyme exhibits preferences toward positively charged
and hydrophobic residues at the cleavage site (59). The
initiation of protein degradation also requires interaction
between FtsH and a recognition peptide sequence such as
the ssrA tag within a protein substrate (26).

MECHANISTIC CHARACTERIZATION OF FTsH

Evaluation of the ATP dependence of FtsH reveals that
ATP binding alone supports cleavage of the fluorogenic
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tetrapeptide Suc-LLVY-AMC, whereas the degradation of
protein substrates requires both ATP binding and hydrolysis
(60). FtsH is identified as a processive protease on the basis
of the observation that only undigested substrate and fully
digested peptide products of <3 kDa were observed during
degradation of 032 by FtsH (67). The lack of partially
digested intermediates is similar to the results obtained for
Clp and Lon proteases, and indicative of processivity in
proteolytic cleavage.

The majority of the mechanistic characterization of FtsH
has been directed toward elucidating the mechanisms of ATP
hydrolysis and substrate translocation using molecular mod-
eling, mutagenesis, and crystallography (56, 57, 62, 63). The
results generated from these studies are consistent with the
general mechanism proposed for the ATP-dependent pro-
teases as depicted in Figure 2. However, FtsH has very
limited unfolding activity compared to the other ATP-
dependent proteases, exhibiting a preference for degrading
proteins with relatively low thermostabilities (64). It is
proposed that this property serves as a substrate selection
mechanism in FtsH. A homology structural model for the
ATPase domain of FtsH has been constructed on the basis
of the crystal structure of NSF-D2, and site-directed mu-
tagenesis has been used to identify a conserved arginine
residue important for mediating ATP hydrolysis in the
SRH (60, 62, 63, 65). Additional mutagenesis experiments
further identify residues lining the central pore of the protease
complex that may participate in directional translocation of
the peptide substrate to the protease chamber, also proposed
to exist in the Clp proteases. Mutation of the Phe or Gly
residue within the MFVG motif in E. coli FtsH affects ATP
hydrolysis, and consequently protein degradation. On the
basis of sequence homologys, it is further proposed that the
Phe residue in the MFVG motif adopts the same function as
the Tyr residue in the D2 loop of ClpA or HslUV in
mediating substrate translocation.

As in the case of Lon, the binding of ATP by FtsH induces
a more compact conformational change within the enzyme
that can be detected by limited tryptic digestion studies (63).
Suno and co-workers recently discovered that the ATPase
cycle may be coupled with an “open and close” motion of
the hexameric enzyme complex (57). These results col-
lectively suggest that the catalytic activity of FtsH is also
dependent on the conformational changes in the enzyme
driven by repeated cycles of ATP hydrolysis. Recently, two
crystal structures of the cytosolic portion of bacterial
(Thermotoga maritima and Thermus thermophilus) FtsH have
been determined (56, 57). Both cytosolic FtsH constructs
exhibit ATP-dependent proteolytic activities and display a
hexameric structure containing a central pore leading to a
proteolytic cavity. Interestingly, C6 symmetry is found only
among the proteolytic domains. When bound to ADP, the
ATPase modules in the structure of 7. maritima FtsH and
Th. thermophilus FtsH exhibit C2 and C3 symmetry,
respectively.

To account for the observed mismatches in symmetry
between the ATPase modules and the proteolytic domains,
distinct substrate translocation mechanisms have been pro-
posed for T. maritima and Th. thermophilus. In T. maritima,
ATP hydrolysis may generate conformational changes within
the enzyme complex that alter the symmetry among the
enzyme subunits. The polypeptide substrate may therefore
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be “pulled” through the central pore via interaction with the
conserved central pore residues in a manner similar to the
proposed ClpAP or HslUV mechanisms (Figure 3). In Th.
thermophilus FtsH, despite the occupancy of ADP in each
enzyme subunit, an alternate arrangement of open and closed
subunits was observed. Comparison of the ADP-bound
enzyme form with the free enzyme reveals that the subunits
undergo significant conformational changes upon nucleotide
binding, suggesting that the enzymatic activity of FtsH is
also coupled to conformational changes driven by the ATPase
cycle, as observed in Clp and Lon proteases. To accom-
modate the observed mismatch in symmetry between the
ATPase modules and the protease domains in the Th.
thermophilus FtsH complex, Suno and colleagues proposed
a mechanism in which the open enzyme subunit forms a
narrow channel that translocates polypeptide substrate to the
proteolytic site of the neighboring closed enzyme subunit.
In their proposal, substrate is not translocated through the
central pore.

Compared to Clp and Lon proteases, FtsH has been
kinetically characterized only sparsely. Steady-state kinetic
analyses have been performed in the ATP-dependent deg-
radation of the endogenous protein substrate 032 and a
heptamer peptide containing a defined FtsH cleavage site
(61). On the basis of the deduced kinetic parameters, a
minimal kinetic mechanism has been proposed to account
for the ATP-dependent peptide cleavage reaction. However,
studies directed toward correlating the ATPase-induced
conformational changes in FtsH with specific functions have
not yet been reported. The same techniques that have been
used to characterize the reaction intermediates generated
along the Clp and Lon reaction pathways may also help
elucidate mechanistic details of FtsH.

HOW DO ATP-DEPENDENT PROTEASES
EXECUTE PROCESSIVE PEPTIDE BOND
CLEAVAGE?

At the structural level, Clp, Lon, and FtsH proteases have
significant differences. Clp proteases have their protease
active sites shielded within a cylindrical cavity, while Lon
is likely to have its active sites exposed to solvent. In FtsH,
a Zn-dependent proteolytic site is found within the central
cavity of the oligomeric enzyme complex. Therefore, it is
likely that at the molecular level, these proteases utilize
distinct mechanisms to coordinate substrate translocation with
processive peptide bond cleavage. Despite these differences,
however, Clp, Lon, and FtsH proteases may share several
common mechanistic features that account for their proces-
sive enzymatic behavior.

One mechanistic feature shared by Clp, Lon, and FtsH
proteases is that substrate translocation appears to be
mediated by switches among a relatively small number of
discrete conformations. For Clp, Lon, and FtsH proteases,
the discrete conformational changes appear to be coupled to
nucleotide hydrolysis. Kinetically distinct states that can be
assigned as prehydrolytic and posthydrolytic conformations
are observed in these systems. More work will be required
to confirm the roles of these conformational changes in
substrate translocation. However, the existing evidence
strongly suggests that the nucleotide-dependent conforma-
tional changes do mediate substrate translocation. Amide
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FIGURE 6: Proposed general mechanism for translocation by Lon/
Clp proteases. The protease complex (green) initially binds the
protein or peptide substrate with high affinity. Nucleotide hydrolysis
induces a conformational change that shifts the position of the bound
substrate and decreases the substrate affinity.

bond hydrolysis, the other irreversible covalent reaction
catalyzed by these proteases, might also play a part; ClpP
has been reported to cleave peptide substrates processively
in the absence of ClpA (12).

Nucleotide-dependent conformational changes and trans-
location appear to be linked to changes in the location and/
or affinity of peptide binding and, presumably, protein
binding as well. For Lon, peptide product binding in the
posthydrolytic isomerized form is noncompetitive with
peptide substrate binding in the prehydrolytic state (66). For
Clp proteases, the proposed posthydrolytic conformation
exhibits a lower affinity for peptide substrates (42). These
data are consistent with the idea that a general mechanism
for Lon/Clp processive proteolysis will include both changes
in substrate position and changes in substrate affinity as a
consequence of nucleotide hydrolysis. Changes in substrate
affinity are likely to be an essential element in the translo-
cation mechanism, since the translocating substrate must bind
with high affinity before and/or during translocation to ensure
processivity, but with lower affinity after translocation to
maintain a high rate of turnover.

On the basis of the common mechanistic features of these
ATP-dependent proteases, it is possible to speculate about a
general mechanism for processive proteolysis (Figure 6). In
this mechanism, translocation is initiated by a conformational
change that shifts the protein or peptide substrate’s position
in the protease. This conformational change is coupled to a
thermodynamically favorable covalent reaction: ATP hy-
drolysis and/or amide bond hydrolysis. Translocation can
occur because forward progress of the substrate is thermo-
dynamically coupled to an irreversible reaction. The con-
formational change is also associated with a change in
substrate affinity that results in substrate release after
translocation. Binding of the substrate to another subunit in
the high-affinity conformation allows another cycle of
translocation to occur. Further mechanistic and structural
work will be necessary to determine whether this general
mechanism can account for processive proteolysis in Lon
and Clp proteases.
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