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ABSTRACT: Escherichia coliLon, also known as protease La, is an oligomeric ATP-dependent protease,
which functions to degrade damaged and certain short-lived regulatory proteins in the cell. To investigate
the kinetic mechanism ofE. coli Lon protease, we performed the first pre-steady-state kinetic
characterization of the ATPase and peptidase activities of this enzyme. Using rapid quench-flow and
fluorescence stopped-flow spectroscopy techniques, we demonstrated that ATP hydrolysis occurs before
peptide cleavage, with the former reaction displaying a burst and the latter displaying a lag in product
production. The detection of burst kinetics in ATP hydrolysis is indicative of a step after nucleotide
hydrolysis being rate-limiting in ATPase turnover. At saturating substrate concentrations, the lag rate
constant for peptide cleavage is comparable to thekcat of ATPase, indicating that two hydrolytic processes
are coordinated during the first enzyme turnover. The involvement of subunit interaction during enzyme
catalysis was detected as positive cooperativity in the binding and hydrolysis of substrates, as well as
apparent asymmetry in the ATPase activity in Lon. When our data are taken together, they are consistent
with a reaction model in which ATP hydrolysis is used to generate an active enzyme form that hydrolyzes
peptide.

Escherichia coliLon, also known as protease La, is an
oligomeric ATP-dependent protease, which functions to
degrade damaged and certain short-lived regulatory proteins
in the cell (1-10). In Vitro this enzyme is capable of
degrading polypeptides in the presence of certain nonhy-
drolyzable ATP analogues. However, optimal protein deg-
radation does require ATP hydrolysis (3, 6, 11). Lon
represents one of the simplest forms of ATP-dependent
proteases because both the ATPase and the protease domains
are located within a single monomeric subunit (12, 13).

Although a complete crystal structure of active Lon has
yet to be determined, some structural clues to the mechanism
of Lon are available. The crystal structure of a proteolytically
inactive Lon mutant lacking an ATPase domain reveals that
Lon is hexameric and contains a central cavity commonly
found in the ATPase and protease subunits of other ATP-
dependent proteases (14). Additionally, the structure of the
R subdomain of the ATPase subunit of Lon has been
determined (15). This monomeric subdomain constitutes the
last 25% of the carboxyl-terminal region of the ATPase
domain and lacks the conserved Walker motifs found in
ATP-binding proteins. On the basis of these reports, Lon
appears to be structurally similar to other ATP-dependent
proteases such as the bacterial homologue of the proteasome,
HslUV (16, 17). Whether and how ATP binding and
hydrolysis are coupled to peptide cleavage are key inquiries
in understanding the mechanism of the enzyme.

The coupling of ATP binding and hydrolysis to peptide
cleavage is a key question in mechanistic studies of Lon
protease. On the basis that ADP inhibits the ATPase and
the protease activities and nonhydrolyzable ATP analogues
support peptide cleavage, an ADP/ATP exchange mechanism
has been proposed (3, 6, 18-21). However, it is not known
whether peptide cleavage occurs before or after ATP
hydrolysis. To evaluate the functional relationship between
ATP hydrolysis and peptide cleavage, we developed a
fluorescent peptide substrate whose degradation by Lon
exhibits ATPase dependency as observed in the endogenous
protein substrates of Lon (11, 22). This defined model peptide
substrate containing 10% of the fluorescent peptide Y(NO2)-
RGITCSGRQK(Abz) and 90% S2 (S3)1 and its nonfluores-
cent analogue (S2) were previously used as simplified mimics
of theE. coli Lon substrate, theλ N protein, to demonstrate
thatkcat but notKm of the peptide cleavage is dependent on
ATP hydrolysis (11). In addition, thekcat of peptide cleavage
is higher when hydrolyzable nucleotides rather than nonhy-
drolyzable ATP analogues are used as activators. During
peptide cleavage, the nucleotide hydrolysis activity of Lon
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is also elevated, suggesting a coupling between the two
hydrolytic activities (23). Because both peptides were
degraded byE. coli Lon in an identical manner, the S3 and
S2 peptide could be used as substrates to monitor the
peptidase and ATPase activity of Lon, respectively (11).

While initial velocity and product inhibition studies
identified which enzyme forms predominate under certain
reaction conditions, they could not evaluate whether ATP
hydrolysis precedes or follows peptide cleavage (11). This
question, however, can be answered by measuring the rates
of ATP and peptide hydrolysis in the pre-steady state. If ATP
hydrolysis occurs before peptide cleavage, its rate constant
should be higher than that for peptide cleavage. In this study,
we utilized rapid chemical-quench-flow and fluorescence
stopped-flow techniques to monitor pre-steady-state time
courses of the two reactions to correlate the timing of ATP
hydrolysis with peptide cleavage, thereby establishing the
sequence of events occurring along the reaction pathway.
In addition, despite its existence as a homooligomer, Lon
exhibits two different affinities for ATP (Kd ) 10 µM and
Kd < 1 µM) (19); the mechanism by which these two kinds
of ATPase sites affect proteolysis are not known. Therefore,
by determining the pre-steady-state kinetics of peptide and
ATP hydrolysis at low (<10µM) versus high (100µM) ATP
concentrations, we can evaluate how the binding and/or
hydrolysis of the nucleotide at the respective ATPase site
coordinates with the first turnover of peptide cleavage.

MATERIALS AND METHODS

Materials. ATP was purchased from Sigma, whereas
[R-32P]ATP was purchased from Perkin-Elmer or ICN Bio-
medical. Fmoc-protected amino acids, Boc-anthranilamide
(Abz), Fmoc-protected Lys Wang resin, andO-benzotriazole-
N,N,N′,N′-tetramethyluroniumhexafluorophosphate (HBTU)
were purchased from Advanced ChemTech and NovaBio-
chem. 2-Amino-2-(hydroxymethyl)-1,3-propanediol (Tris),
N-2-hydroxyethylpiperazine-N′-ethanesulphonic acid (HEPES),
and polyethyleneimine-cellulose (PEI-cellulose) TLC plates
were purchased from Fisher.

General Methods.Peptide synthesis and protein purifica-
tion procedures were performed as described previously (22).
All enzyme concentrations are reported as Lon monomer
concentrations. All reagents are reported as final concentra-
tions.

Acid-Quench Peptidase Assay. Assays were performed at
37 °C and contained 50 mM Tris-HCl (pH 8.1), 5 mM
magnesium acetate (Mg(OAc)2), 5 mM dithiothreitol (DTT),
800 µM S3 peptide substrate (containing 50% of the
fluorescent peptide, S1, and 50% S2, the nonfluorescent
analogue of S1 that is degraded by Lon in an identical
manner as S1), and 1µM E. coli Lon monomer. The reaction
was initiated by the addition of 500µM ATP, and 10µL
aliquots were quenched with 58µL of 0.5 N HCl at 0, 0.5,
1, 2, 3, and 5 min. After trichloroacetic acid precipitation,
which removed Lon, the reaction mixtures were neutralized
with 1 M Tris/2 N NaOH to pH 8 and the fluorescence
(excitation of 320 nm and emission of 420 nm) of the
solution was measured using a Fluoromax 3 spectrofluorim-
eter (Horiba Group).

Pre-steady-State Time Courses of S3 CleaVage by Fluo-
rescent Stopped Flow.Pre-steady-state experiments were

performed on a KinTek Stopped Flow controlled by the data
collection software Stop Flow version 7.50â. The sample
syringes were maintained at 37°C by a circulating water
bath. Syringe A contained 5µM Lon monomer, with variable
concentrations of the peptide substrate S3 (from 5 to 500
µM), 5 mM Mg(OAc)2, 50 mM Tris-HCl (pH 8.1), and 5
mM DTT. Syringe B contained varying ATP (1-500µM).
Peptide cleavage was detected by an increase in fluorescence
(excitation of 320 nm and emission of 420 nm) following
rapid mixing of syringe contents in the sample cell. The
baseline fluorescence was normalized to zero, and the data
shown are a result of averaging at least four traces. The
concentration of hydrolyzed peptide was calibrated by
determining the maximum fluorescence generated per mi-
cromolar peptide because of complete digestion by trypsin
under identical reaction conditions in the stopped-flow
apparatus. The averaged time courses were fit with eq 1

where t is time in seconds,Y is the concentration of
hydrolyzed peptide S3 in micromolar,A is the amplitude of
the reaction,klag is the pre-steady-state rate constant in per
seconds,Vss is the steady-state rate in units of micromolar
product per second, andC is the endpoint. TheVssvalue can
be converted to a first-order rate constant (kss in the unit of
per seconds) by division with the enzyme concentration (24).
Equation 1 is the general function that quantifies a biphasic
time course. WhenY) 0 att ) 0, C ) -A and eq 1 becomes

such that

WhenA is defined asVss - Vi/klag, eq 1 becomes equivalent
to the equation defining hysteresis (25, 26), whereVi is the
rate corresponding to the initial phase of the time course.

Data Processing. Plots displaying sigmoidal behavior were
fit with eq 2 wherek is the observed rate constant of the

reaction being monitored,kmax is the maximum rate constant
(referred to askcat,S3 for kss,S3data,klag,S3 for klag data, and
kcat,ATPfor kss,ATPdata), [S] is the variable substrate,K′ is the
Michaelis constant forS, andn is the Hill coefficient. The
Ks is calculated from the relationship logK′ ) n log Ks,
whereKs is the [S] required to obtain 50% of the maximal
rate constant of the reaction. Plots displaying hyperbolic
behavior, i.e., when the Hill coefficient in eq 2 becomes 1,
were fit using eq 3 wherek is the observed rate constant,

kmax is the maximum rate constant (referred to askcat,S3 for
kss,S3data,klag,S3for klag data, andkcat,ATP for kss,ATPdata), [S]
is the variable substrate, andKs is the [S] required to obtain
50% of the maximal rate constant of the reaction. TheKs

Y ) A exp-klagt + Vsst + C (1)

Y ) -A + A exp-klagt + Vsst

Y ) -A(1 - exp-klagt) + Vsst

k )
kmax[S]n

K′ + [S]n
(2)

k )
kmax[S]

Ks + [S]
(3)
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value was referred to asKm,S3 when S3 hydrolysis was
monitored at varying S3 concentrations. Alternatively, the
Ks value was referred to asKm,ATP when ATP hydrolysis was
monitored at varying ATP concentrations.

Chemical-Quench ATPase ActiVity Assays.The pre-steady-
state time courses for ATP hydrolysis were measured using
a rapid chemical-quench-flow instrument from KinTek
Corporation. All solutions were made in 50 mM HEPES
buffer at pH 8.1, 5 mM DTT, 5 mM Mg(OAc)2, and 75 mM
potassium acetate (KOAc). A 15µL buffered solution of 5
µM Lon monomer, with and without 500µM S2 or 10µM
casein, was rapidly mixed with a 15µL buffered solution of
ATP containing 0.01% of [R-32P]ATP at 37°C for varying
times (0-3 s) before quenching with 0.5 N formic acid and
then extracted with 200µL of phenol/chloroform/isoamyl
alcohol at pH 6.7 (25:24:1). A 3µL aliquot of the aqueous
solution was spotted directly onto a PEI-cellulose TLC plate
(10 × 20 cm), and the plate was developed in 0.75 M
potassium phosphate buffer (pH 3.4) to separate ADP from
ATP. The relative amount of radiolabeled ADP and ATP at
each time point was quantified by a Cyclone Phosphor
imager (Perkin-Elmer Life Science). To compensate for the
slight variations in spotting volume, the concentration of the
ADP product obtained at each time point was corrected for
using an internal reference as shown in eq 4. All assays were

performed at least 3 times, and the average of those traces
was used for data analysis. The burst amplitudes and burst
rates were determined by fitting thekobs data from 0 to 400
ms with eq 5. wheret is time in seconds,Y is [ADP] in

micromolar,A is the burst amplitude in micromolar,kburst is
the burst rate constant in per seconds, andC is the end point.
The observed steady-state rate constants (kss,ATP) were
determined by fitting the data from 600 ms to 1.8 s with the
linear function,Y ) mX+ C, whereX is time,Y is [ADP]/
[E], m is the observed steady-state rate constant in per
seconds, andC is the y intercept. Data fitting was ac-
complished using the nonlinear regression program Kaleida-
Graph (Synergy).

Pulse-Chase ATPase ActiVity Assays.The pre-steady-state
time courses of ATP hydrolysis were also measured using a
pulse-chase experiment on the rapid quench. Lon ((0.5 mM
S2) was rapidly mixed with radiolabeled ATP at 37°C for
0-1.8 s, followed by a 10 mM unlabeled ATP chase for 60
s before quenching with 0.5 N formic acid. The amount of
ADP produced at each time point was quantified as described
in the chemical-quench assay (see above). The burst ampli-
tude (A) and burst rate constant (kburst) were determined from
the time courses by fitting the data from 0 to 400 ms with
eq 5.

Filter Binding Assay.A total of 2-5 µL of a 35µM stock
of Lon was incubated with 10µM [R-32P]ATP in 30µL of
50 mM HEPES at pH 8.1, 5 mM Mg(OAc)2, 75 mM KOAc,
and 2 mM DTT at 37°C for 20 min to convert all ATP to
ADP. The reactions were then chilled on ice, and 3µL of
the reactions (performed 3 times) was spotted onto a piece
of nitrocellulose mounted onto a dot-blot apparatus (BioRad)

as described by Gilbert and Mackey (24). Each spot was
washed with 10µL of cold buffer and dried under vacuum
for 30 min. In the absence of vacuum, the nitrocellulose was
spotted with 2µL of each reaction and then air-dried. The
radioactive counts at each spot were quantified by Phospho-
rImaging.

RESULTS

Pre-Steady-State Kinetic Analysis of S3 CleaVage.Previ-
ously, we demonstrated that the pre-steady-state time course
of S3 cleavage could be monitored by stopped-flow fluo-
rescence spectroscopy (11). Using ATP as the activator, we
detected lag kinetics in S3 cleavage. The lag phase is
lengthened by 7-fold when adenylyl 5-imidodiphosphate
(AMPPNP), a non-hydrolyzable ATP analogue, was used
as an activator. Because the cleavage of S3 peptide generates
a fluorescent signal as a result of the separation of the
fluorescent quencher, 3-nitrotyrosine, from the fluorescent
donor, anthranylamide, the lag in S3 cleavage could be
attributed to a slow step prior to peptide bond cleavage or
to the slow dissociation of the donor from the quencher
because both hydrolyzed peptides remain bound to the active
site of the enzyme. To determine if slow dissociation of
peptide products caused the lag, we monitored the time
course of 800µM S3 cleavage by 1µM monomeric Lon
using a discontinuous acid-quench assay. An aliquot of the
reaction was quenched with HCl at the times indicated in
Figure 1, and the fluorescence intensity at each time point
was measured to yield the time course for S3 cleavage.
Despite acid denaturation that released hydrolyzed peptides
from Lon, the lag phase remained in the fluorescence time
course of S3 cleavage. This result indicates that the separation
of the hydrolyzed peptide from Lon does not contribute to
the observed lag phase of the reaction. Furthermore, a lag
rate constant of 1.4( 0.6 s-1 was obtained by fitting the
data with eq 1, which is a general function used to determine
the rate constant (k) associated with a single-exponential
phase followed by a steady-state phase, and is related to the
hysteresis equation as described in the Materials and
Methods. This observed value is 2-fold higher than that
obtained previously using stopped-flow spectroscopy (11)
and may be attributed to a difference in the detection methods

FIGURE 1: Detection of ATP-dependent S3 cleavage by a discon-
tinuous acid-quench assay. Lon (1 µM monomer) was incubated
with 800 µM S3, and reaction aliquots were quenched at the
indicated times. The fluorescence signals associated with peptide
cleavage were measured and plotted against their corresponding
reaction time points. The experiment was performed 2 times, and
the averaged data were plotted. The data were fit with eq 1 to yield
a lag rate constant of 1.4 s-1.

[ADP] ) ( ADPdlu

ATPdlu + ADPdlu
)[ATP] (4)

Y ) A exp-kburstt + C (5)
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(a continuous versus discontinuous assay). Despite the slight
variation in the lag rate constants, both the stopped-flow and
the acid-quenched reactions displayed lag kinetics, indicating
that the dissociation of the peptide products from Lon did
not contribute to the lag phase.

To determine the stoichiometry of S3 cleavage, we
generated a calibration curve by measuring the fluorescence
changes associated with the complete degradation of known
concentrations of S3 by trypsin in a stopped-flow apparatus.
This technique allows us to accurately define the amount of
peptide cleaved during the time courses for S3 cleavage.
Experiments were performed at 500µM ATP with several
fixed levels of S3 (5-500µM, Figure 2A) as well as a fixed

concentration of S3 (500µM) and several fixed levels of
ATP (1-500 µM, Figure 2B). As shown in parts A and B
of Figure 2, a lag in peptide hydrolysis was observed in all
of the time courses. The lag rate constants (klag) and the
observed steady-state rate constants of peptide cleavage
(kss,S3) were obtained by fitting each time course with eq 1.
The plots ofkss,S3as a function of S3 and ATP concentrations
are shown in parts A and B of Figure 3, and the data were
fit with eqs 2 and 3, respectively, to yield thekcat,S3 (the
maximum rate constant for peptide cleavage),KmS3, KATP,
and Hill coefficients (n) as summarized in Table 1. The
steady-state kinetic parameters determined from this study
(using 5 µM enzyme monomer) agree well with those
determined previously at 125 nM Lon monomer (kcat,S3 )
7.7 s-1; KmS3) 85 µM, andKATP ) 7.2µM) (11), indicating
that these kinetic parameters are independent of the enzyme
concentration under the conditions examined. Because pre-
steady-state lag kinetics could be attributed to the binding
of substrates at low concentrations being rate-limiting, we
measured theklag of S3 cleavage at increasing peptide or
ATP concentrations. As shown in parts A and B of Figure
4, the dependence ofklag toward S3 and ATP concentrations
reaches saturation with a maximumklag,S3 value. The data
were best-fit with eqs 2 and 3, respectively, to yield the
kinetic parametersklag,S3, KS3, andKATP as summarized in

FIGURE 2: Stopped-flow analysis of ATP-dependent S3 cleavage
by E. coli Lon. (A) ATP (500 µM) was incubated with 5µM
monomeric Lon in the presence of 5 (1), 10 (O), 25 (]), 50 (×),
100 (+), 200 (4), and 500 (b) µM S3. The inset zooms in A to
show the lag for one peptide hydrolyzed per active site. The
fluorescence changes associated with peptide cleavage were
converted to product concentrations as described in the Materials
and Methods. Each time course shown is an average of 4 traces.
The values on the righty axis represent the concentration of peptide
hydrolyzed, whereas the values on the lefty axis represent the mole
equivalent of peptide digested by each Lon monomer. (B) S3 (500
µM) was digested by 5µM Lon monomer in the presence of 1
(b), 5 (0), 10 (]), 50 (×), 100 (+), 200 (4), and 500 (O) µM
ATP. The inset zooms in B to show the lag for one peptide
hydrolyzed per active site. Each time course shown is an average
of at least 4 traces. The righty axis shows the amount of peptide
hydrolyzed, whereas the leftx axis shows the mole equivalent of
peptide cleavage by each Lon monomer.

FIGURE 3: Steady-state kinetics of ATP-dependent S3 cleavage by
5 µM E. coli Lon monomer. The kss,S3 values were obtained by
dividing the steady-state rates of the reactions by [Lon] as described
in the Materials and Methods. (A) Steady-state rates of S3 cleavage
(Vss) were obtained by fitting the stopped-flow time courses of
peptide cleavage at varying [S3] with eq 1 (Materials and Methods).
The data presented in this plot were best-fit with eq 2, and the
kinetic parameters obtained werekcat,S3) 5.5 ( 0.8 s-1, Km,S3 )
188( 148µM, andn ) 1.23( 0.2 as summarized in Table 1. (B)
Steady-state rates of S3 cleavage (Vss) were obtained by fitting the
stopped flow-time courses of peptide cleavage at varying [ATP]
with eq 1 (Materials and Methods). The data presented in this plot
were best-fit with eq 3, and the kinetic data obtained from the fit
were kcat,S3 ) 4.2 ( 0.1 s-1 and KATP ) 9.7 ( 0.9 µM as
summarized in Table 1.
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Table 1. The maximum lag rate constant for S3 cleavage
(klag,S3), determined at varying S3 and varying ATP concen-
trations, was 0.88( 0.07 and 1.14( 0.06 s-1, respectively.
These values are in close agreement with the lag rate constant

of 0.76 s-1 determined previously by fitting the fluorescent
time courses with the hysteresis equation (11), which is a
specific form of eq 1 (see the Materials and Methods) used
to characterize enzymes responding slowly to a change in
the ligand concentration (25, 26). At high S3 or ATP
concentrations, substrate binding no longer limits the rate
of the first peptidase turnover, and thus, the maximumklag,S3

value directly reflects the rate constant for the build-up of
at least one reaction intermediate that leads to peptide
hydrolysis at the active site of the enzyme. Furthermore, the
fit of the klag,S3dependence on S3 or ATP concentrations to
eq 2 (for S3) or eq 3 (for ATP) provided the apparentKd

values of the respective substrate (KS3 andKATP in Table 1).
TheKS3 value (67( 34 µM) is comparable to theKm of S3
cleavage (188( 148µM), whereasKATP (9.7 ( 0.9 µM) is
in close agreement with the weak affinity ATPase site inE.
coli Lon, which is 10µM (17).

Chemical-Quench Analysis of ATP Hydrolysis.Because
thekcat of S3 cleavage is enhanced by nucleotide hydrolysis
(11, 21) and thekcat of ATP hydrolysis is stimulated by the
peptide or protein substrate (3, 21, 23), it is very likely that
the two hydrolytic processes are coupled through a common
enzyme intermediate. To begin identifying such an interme-
diate, we measured the time courses of the first turnover of
ATP hydrolysis in the absence and presence of the peptide
or protein substrate using the rapid chemical-quench tech-
nique. Lon (5µM monomer) was preincubated with 500µM
S2, the nonfluorescent analogue of S3 that was degraded by
Lon identically as S3 (5× KmS3, Table 1, see ref11), and
rapidly mixed with 100µM ATP (10× KATP, Table 1) prior
to quenching with formic acid at times between 0 and 3 s.
The time courses for ATP hydrolysis measured in the absence
and presence of casein (protein substrate) were also deter-
mined (Figure 5A) for comparison. All three time courses
showed an identical burst in ADP production within the first
200 ms of the reaction, followed by at least one slower phase
in product formation. The detection of a pre-steady state burst
in the acid-quench experiments is indicative of the rate-
limiting step occurring after ATP hydrolysis. Although the
S2 peptide is smaller than casein and contains only one Lon
cleavage site, it stimulates ATP hydrolysis like the protein
substrate, thereby indicating that both substrates share
identical mechanisms in ATPase stimulation. The data in
Figure 5A were initially fit with eq 1 (withklag becoming
kburst), which characterizes a single-exponential burst phase
followed by a linear steady-state turnover rate of the reaction.
As shown in Figure 5B and the inset, the data obtained during
the first 400 ms of the time courses showed a poor fit with
eq 1 and the burst amplitudes were also significantly
underestimated. To better evaluate the burst amplitudes as
well as the burst rates of the reactions, we fit the data within
the first 400 ms of the time courses, which consisted of a
burst and a relatively constant transition phase in ADP
formation, with eq 5 to yield the values summarized in Table
2. As shown in Table 2 and parts A and C of Figure 5, the
burst amplitudes as well as the burst rate constants for the
three time courses are comparable but the steady-state rates
of the intrinsic versus stimulated ATPase reactions differ.
The steady-state phase of the time courses (from 600 ms to
1.8 s) were fit with a linear function to yield the steady-
state turnover numbers of 0.23( 0.02, 0.69( 0.01, and
0.67( 0.03 s-1, corresponding to the intrinsic, S2-stimulated,

Table 1: Parameters Obtained from Pre-steady-State Kinetic
Characterization of ATP-Dependent S3 Cleavage byE. coli Lon

0.5 mM ATP
vary [S3]

0.5 mM S3
vary [ATP]

kcat,S3 5.5( 0.8 s-1 a 4.2( 0.1 s-1 b

Km,S3 188( 148µM a NA
n 1.23( 0.2a (1.7( 0.2)c NA
klag,S3 0.88( 0.07 s-1 c 1.14( 0.06 s-1 d

KS3 67 ( 34 µMc NA
KATP NA 9.7 ( 0.9b µM (7.2 ( 1.9µM)c

a These values were obtained by fitting the steady-state kinetic data
shown in Figure 3A with eq 2.b These values were obtained by fitting
the steady-state kinetic data shown in Figure 3B with eq 3.c These
values were obtained by fitting the lag rate constants obtained from
the stopped-flow time courses of S3 cleavage shown in Figure 4A with
eq 2.d NA ) not available.

FIGURE 4: Substrate dependency of the lag rate constants of S3
cleavage. (A) Lag rate constant for S3 peptide degradation by 5
µM monomeric Lon at varying S3 was determined by fitting the
stopped-flow time courses of peptide cleavage as shown in Figure
2A with eq 1. The data were collectively fit with eq 3 to yield a
maximalklag,S3) 0.88 s-1, KS3 ) 67 µM, andn ) 1.7 ( 0.2. The
error bars represent the experimental deviations among the different
trials. Each data point was obtained from the average of three
independent experiments, with each experiment containing at least
four stopped-flow traces. (B) Lag rate constant for S3 peptide
degradation by 5µM monomeric Lon at varying ATP was
determined by fitting the stopped-flow time courses of peptide
cleavage as shown in Figure 2B with eq 1. The data were
collectively fit with eq 2 to yield a maximalklag,S3) 1.14 s-1 and
a KATP ) 7.2 ( 1.9 µM. The error bars represent the experimental
deviations among the different trials. Each data point was obtained
from the average of three independent experiments, with each
experiment containing at least four stopped-flow traces.
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and casein-stimulated ATPase reactions, respectively. Despite
the inclusion of 5µM monomeric Lon in the reactions
however, only∼2 µM burst of ADP production was detected
in all three time courses, suggesting that only 40% of the
Lon monomer hydrolyzes ATP during the first enzyme
turnover.

Comparison of ATPase and S3 CleaVage.To assess how
ATP hydrolysis and peptide cleavage are kinetically coor-
dinated, we compared the time courses of peptide cleavage
and peptide-stimulated ATP hydrolysis under identical reac-
tion conditions as shown in Figure 6 (5µM Lon monomer,
100 µM ATP, and 500µM peptide). The pre-steady-state
phase of ATP hydrolysis consists of the burst of ADP
production (kburst,ATP) 6.5( 1.4 s-1) and the transition phase,
which together spans the first 400 ms of the reaction. Steady-
state turnover of ATP hydrolysis, which reflects mostly the
rate-limiting step of the reaction, occurs thereafter with a
turnover number of 0.69( 0.01 s-1. Under identical reaction
conditions, the lag in S3 cleavage persists for approximately
1 s with a lag rate constant of 0.94( 0.08 s-1 prior to the
attainment of steady-state turnover in S3 cleavage at 3.7(
0.2 s-1. The close agreement between the lag rate constant
for peptide hydrolysis and thekcat of peptide-stimulated
ATPase suggests that the first turnover of peptide cleavage
may be coupled with the rate-limiting step of peptide-
stimulated ATPase activity.

As indicated in the above experiments, despite the inclu-
sion of 5µM Lon monomer in the ATPase reactions, only
2 µM ADP formation were detected in the burst phases of
the ATPase time course. Because the acid-quench experi-
ments measured ADP formation at the active site of the
enzyme, the detection of a substoichiometric burst could be
attributed to 40% of the enzyme saturated with ATP because
of the low nucleotide concentration. If this explanation is
correct, the burst amplitude, which reflects the active ATPase
concentration, should increase with the nucleotide concentra-
tion. To test this hypothesis, we monitored the ATPase
reaction in the presence of 5µM Lon monomer, 500µM
S2, and varying [ATP] for 1.8 s. Figure 7 shows that the
time courses display triphasic behavior as discussed above
in Figure 5A. The steady-state rates of ATP hydrolysis were
obtained by fitting the data from 600 ms to 1.8 s with a
linear function. Plotting the observed steady-state rate
constants of ATPase (kss,ATP) versus the ATP concentration
yields Figure 8A, which was best fit with eq 2. Thekcat,ATP

value determined from this analysis was 1.4( 0.1 s-1, and
the Km,ATP was 76( 33 µM, both of which closely agree
with that of 1 s-1 and 49µM determined previously at 150
nM monomeric Lon (23). The Hill coefficient obtained from
the fit of these data was 1.7( 0.2. AlthoughE. coli Lon
exists predominantly as a homooligomer, it exhibits at least
two different affinities for ATP (Kd < 1 µM and Kd ) 10
µM) (19). Because each monomeric subunit contains only
one ATP-binding site, it is conceivable that the ATPase sites
in oligomeric Lon are asymmetrical in their functions.
Therefore, the detection of a Hill coefficient close to 2 could
be a measurement of the communication between two
functionally nonequivalent subunits during enzyme catalysis.
This speculation however, will require further evaluation by
biophysical approaches that relate the oligomeric state of Lon
with enzymatic activities.

FIGURE 5: Pre-steady time courses of ATP hydrolysis byE. coli
Lon. (A) [R-32P]ATP (100 µM) was incubated with 5µM
monomeric Lon in the absence (+) and presence of 500µM S2
(0) or 10 µM casein (]), and the reactions were quenched with
acid at the indicated times. The concentrations of [R-32P]ADP
generated in the reactions were determined by TLC followed by
PhosphorImaging as described in the Materials and Methods. The
values on they axis were obtained by dividing [ADP] produced
by 5µM Lon, which reflects the mole equivalent of ADP produced
per Lon monomer. (B) [R-32P]ATP (200µM) was incubated with
5 µM monomeric Lon in the presence of 500µM S2. The time
points were obtained by quenching the reactions with acid at the
indicated times, and the resulting time course for ADP production
was fit with the equationY ) A exp(-kobst) + Vsst + C, whereA
is the burst amplitude,kobs is the observed burst rate constant,Vss
is the steady-state rate, andC is the endpoint. The inset shows the
fit of the data spanning 0-400 ms. (C) Time points from 0 to 400
ms were fit with eq 5 (Materials and Methods) to yield burst
amplitudes for intrinsic, casein-stimulated, and S2-stimulated time
courses of 1.92( 0.12, 1.8 ( 0.2, and 2.06( 0.15 µM,
respectively, as summarized in Table 2. The burst rate constants
were 7.6( 1.3, 12.2( 3.2, and 6.5( 1.4 s-1, respectively, which
are also summarized in Table 2.
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The burst amplitudes and burst rate constants were
obtained by fitting the data spanning 0-400 ms in Figure 7
with eq 5 and plotting the respective parameters against their
specific ATP concentration (parts B and C of Figure 8).
Because the burst amplitude directly reflects the amount of
ADP production at the active site of the enzyme, the fit of
the data in Figure 8B with eq 2 provided a measurement of
the apparentKd for ATP (KATP). As shown in Figure 8B,

the burst amplitudes for ATP hydrolysis exhibit a dependency
on the ATP concentration and a maximum burst amplitude
of 2.2( 0.1µM (44% of the concentration of Lon monomer
present), aKATP of 22 ( 16 µM, and a Hill coefficient of
1.4( 0.10 were obtained through fitting the data with eq 2.
According to Figure 8C, the burst rates of ATP hydrolysis
are independent of the nucleotide concentrations (5-200µM)
and the averaged burst rate constant (kburst) is 11.3 ( 3.3
s-1. At 5 µM ATP, it is anticipated that the tight but not the
weak nucleotide-binding sites of Lon will be saturated with
ATP. Therefore, the apparent independence ofkburst toward
the indicated ATP concentrations is likely attributed to ATP
hydrolysis occurring at the high-affinity sites. When our data
are taken together with the observed 44% burst amplitude,
they suggest that the pre-steady-state burst in ATP hydrolysis
occurs at the high-affinity sites (∼50% of the total monomer
concentration) but the hydrolysis of ATP is coordinated with
ATP binding at the low-affinity sites.

Characterization of ATP Binding.The substoichiometric
burst in ADP production could be caused by either inefficient
nucleotide binding or reflects the coordinated ATP binding
and hydrolysis between the nonequivalent ATPase sites in
Lon. To further evaluate these potential mechanisms, we
measured the concentration of functional nucleotide-binding
and hydrolysis sites using a filter binding assay and a pulse-
chase experiment, respectively.

In the filter binding assay, several aliquots of an enzyme
stock of Lon, whose concentration was predetermined by
the Bradford assay (final enzyme concentratione 5 µM),
were incubated with 10µM [R-32P]ATP at 37°C to yield
[R-32P]ADP that remained tightly bound to Lon. Because
ADP competes with ATP for the same binding site and its
Ki is 0.3µM (11), it is anticipated that the concentration of
active Lon could be defined by the population of enzyme
that bound [R-32P]ADP and was retained as radiolabeled
protein onto the nitrocellulose. As such, the concentration
of active Lon could be determined from the radioactive
counts of standards containing known ATP concentrations.
A plot of [32P]ADP versus the volume of Lon stock added
in the binding reaction yielded a linear plot (Figure 9),
indicating that the concentration of Lon/[32P]ADP formed
was directly proportional to the amount of enzyme present
in the reaction. The concentration of active Lon was
calculated from the slope of the fit, which corresponds to
36 µM monomeric enzyme. This value agrees closely with
the concentration of the enzyme stock determined by the
Bradford assay (35µM) and indicates that all of the
monomeric Lon used in the ATPase reactions could bind
the nucleotide.

Table 2: Parameters Obtained from Pre-steady-State Kinetic Characterization of the ATPase Activity ofE. coli Lon

intrinsic ATPase +20 µM casein +500µM S2

kcat,ATP NA NA 1.4 ( 0.1 s-1 a

Km,ATP NA NA 76 ( 33 µMa

n NA NA 1.7 ( 0.2a (1.4( 0.1)b

KATP NA NA 22 ( 16 µMb

kburst 7.6( 1.3 s-1 c 12.2( 3.2 s-1 c 6.5( 1.4c (11.3( 3.3)a (18 ( 2) sec-1 d

burst amplitude 1.92( 0.12µMc 1.8( 0.2µMc 2.06( 0.15c (2.2( 0.1)b (4.1( 0.1)µMd

a These values were obtained by fitting the data in Figure 8A with eq 2.b These values were obtained by fitting the data in Figure 8B with eq
2. c These values were obtained by fitting the acid-quenched time courses (0-400 ms) of ATP hydrolysis that are shown in Figure 5C with eq 5.
d These values were obtained by fitting the pulse-chase data in Figure 10 with eq 5.

FIGURE 6: Pre-steady-state time courses for ATP hydrolysis and
S3 degradation at identical reaction conditions. Monomeric Lon
(5 µM) was incubated with 100µM ATP and 500µM peptide
substrate. The time course for peptide hydrolysis (O) was deter-
mined by fluorescence stopped-flow spectroscopy using 100µM
nonradiolabeled ATP and 500µM S3 as the substrates. The time
course for ATP hydrolysis ([) was determined by rapid acid
quenching of a reaction containing Lon, 100µM [R-32P]ATP, and
500µM S2 as described in the Materials and Methods. The values
on the lefty axis were obtained by dividing the concentrations of
the peptide or ATP hydrolyzed by 5µM Lon, whereas the righty
axis reports the concentrations of products formed.

FIGURE 7: Pre-steady-state time courses at varying [ATP] and
constant S2. Monomeric Lon (5µM) was incubated with 500µM
S2 and 5 (4), 10 (b), 25 (]), 50 (0), 100 (×), and 200 (O) µM
[R-32P]ATP. The reactions were rapidly quenched with acid at the
indicated times, and the amount of [R-32P]ADP formed was
determined by PhosphorImaging. Each time course was repeated
at least 3 times, and the averaged data are reported.
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To determine if all of the monomeric Lon prepared for
this study could hydrolyze ATP, we performed a pulse-chase

experiment. In this experiment, 5µM Lon monomer was
incubated with 500µM S2 and rapidly mixed with 100µM
[R-32P]ATP as in the chemical-quench-flow experiment,
except that the mixed reaction was chased with 10 mM
unlabeled Mg‚ATP for 60 s before quenching with acid and
denaturation with phenol/chloroform. During ATP hydroly-
sis, [R-32P]ATP bound to Lon could either be hydrolyzed to
yield [R-32P]ADP or dissociate from the enzyme. In the
presence of 10 mM unlabeled ATP (100-fold excess over
labeled ATP), any enzyme not bound to [R-32P]ATP would
be sequestered by the unlabeled ATP and not be detected in
the assay. In the acid-quench experiment, any [R-32P]ATP
that bound to Lon but was not hydrolyzed remained as
unreacted ATP. In contrast, the 60 s delay in the pulse-chase
experiment allowed time for the enzyme to hydrolyze any
[R-32P]ATP that was bound during the various incubation
times, and the presence of 10 mM unlabeled ATP (100-fold
excess over labeled ATP) allowed for the complete exchange
of [R-32P]ADP for unlabeled ATP.

Figure 10 compares the time courses of ATP hydrolysis
by Lon under the acid-quench and pulse-chase conditions.
The data spanning the first 400 ms were fit with eq 5 to
yield the burst amplitudes andkburst of the respective
reactions. In the presence of ATP chase, the burst amplitude
was 4.1( 0.1 µM, which was approximately 80% of the
total monomeric Lon present in the reaction. The burst rate
of the chased reaction was 18( 2 s-1, which was 2-fold
higher than that determined for the chemical-quench condi-
tion under identical labeled ATP conditions. The pulse-chase
result showed that at least 80% of the Lon monomer could
bind and hydrolyze ATP. Therefore, the detection of a
reduced burst in ADP production in the chemical-quench-
flow time course was not due to the presence of inactive
enzyme in the reaction. Moreover, the ATPase sites of Lon
appeared to be functionally nonequivalent, because∼50%
of the sites (tight affinity) hydrolyzed ATP within the first
400 ms of the reaction, whereas the remaining sites (weak
affinity) hydrolyzed ATP at a much slower rate.

FIGURE 8: Fitting the pre-steady-state kinetic parameters of ATP
hydrolysis by Lon. (A) Data from 600 ms to 1.8 s in Figure 7 were
fit with a linear function to provide the steady-state rates of ATP
hydrolysis at varying [ATP]. Each time point was performed at
least 3 times, and the averaged data were reported. The error bars
represent the error of the fit for each data point. Thekss,ATPvalues
were obtained by dividing the steady-state rates by [Lon]. Plotting
thekss,ATPvalues against its specific [ATP] yields a sigmoidal plot
that is best fit with eq 2. The kinetic parameters obtained from the
fit were kcat,ATP ) 1.4 ( 0.1 s-1, Km,ATP ) 76 ( 33 µM, andn )
1.7 ( 0.2 and are summarized in Table 2. (B) Burst amplitudes
were determined by fitting the data from 0 to 400 ms in Figure 7
with eq 5. As summarized in Table 2, the maximum burst amplitude
obtained from the fit was 2.2µM, which corresponds to∼44% of
the enzyme present in the reaction, aKATP ) 22 ( 16 µM, andn
) 1.4 ( 0.1. The time points reported here are averaged values of
three different trials. The error bars represent the standard error of
the fit for evaluating the respective burst amplitude values at the
specific [ATP]. (C) The burst rates of ATP hydrolysis were
determined by the same manner as in B, and the averagekburst )
11.3 ( 3.3 s-1.

FIGURE 9: Determining the concentration of active Lon by filter
binding assay. Total of 2, 3, 4, and 5µL of a Lon stock (35µM
monomer as determined by the Bradford assay) was incubated with
10 µM [R-32P]ATP at 37°C for 20 min to convert ATP to ADP.
The amount of Lon/[R-32P]ADP formed in each reaction was
determined by the filter binding assay described in the Materials
and Methods. Plotting the amount of [R-32P]ADP bound to Lon
against the volume of enzyme stock added yields a straight line
that was fit with the linear equationy ) mx + c, wherem equals
36 pmol of ADP/µL of Lon (36 µM Lon momomer).
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DISCUSSION

Lon is an ATP-dependent protease functioning to degrade
damaged and certain regulatory proteinsin ViVo. In this study,
we demonstrated that inE. coli Lon, peptide cleavage is
driven by ATP hydrolysis, which is coordinated with ATP
binding to the low-affinity sites in the oligomeric enzyme.
Our findings are in discord with the previous proposal that
peptide cleavage occurs before ATP hydrolysis in Lon
catalysis (3, 4, 6, 21). In the previous studies, on the basis
that proteins but not tetrapeptide substrates stimulate the
ATPase activity of Lon, it was proposed that proteins bind
to an allosteric site in Lon to promote ADP release, thereby
facilitating enzyme turnover (3, 19). Although it is known
that ATP is the most effective activator of Lon protease,
mechanistic details concerning how ATP hydrolysis is
coupled with peptide bond cleavage is not available. To
investigate the molecular mechanism of the ATPase-depend-
ent peptidase activity inE. coli Lon, we performed the first
pre-steady-state kinetic analysis on this enzyme by measuring
the kinetics of the first turnover of ATP and peptide
hydrolysis of a synthetic peptide substrate whose degradation
by Lon exhibits the same ATP dependency as protein
substrates (22). Because this peptide contains only one Lon
cleavage site and it stimulates ATP hydrolysis, the data
obtained from this study can be directly attributed to the
ATPase-dependent peptidase reaction rather than polypeptide
unfolding or processive peptide cleavage.

As presented in this study,E. coli Lon exhibits lag kinetics
in the degradation of the model peptide but burst kinetics in
ATP hydrolysis. During the lag in peptide cleavage,∼50%
of the Lon monomer hydrolyzes ATP with a burst rate
constant of 11.3( 3.3 s-1. According to the ATPase kinetic
data, thekcat for peptide-stimulated ATPase is 1.4 s-1 (Table
2), which approximates theklag,S3 of S3 cleavage as sum-
marized in Table 1 (0.88-1.14 s-1). These results show that
the first turnover of peptide hydrolysis requires the build up
of a reaction intermediate, which coincides with the rapid
hydrolysis of ATP during the first enzyme turnover. The

burst in ATP hydrolysis further indicates that the rate-limiting
step of the reaction occurs after nucleotide hydrolysis;
therefore, it could be ADP product release. The detection of
the rate-limiting step following ATP hydrolysis is consistent
with the proposal that ADP release limits ATPase turnover
(3, 19) and is supported by our observation that both casein
and S2 peptide stimulate only the steady-state turnover rate
of ATP hydrolysis (Figure 5A). Collectively, these results
support a reaction model in which activation of peptide
hydrolysis is driven by ATP hydrolysis and the first turnover
of peptide cleavage is coupled with the rate-limiting step in
ATP hydrolysis.

This model indicates that ATP hydrolysis precedes peptide
cleavage and is in discord with the earlier reaction model
proposed for Lon, which suggests that peptide hydrolysis
occurs before ATP consumption (3). The discrepancy
between the two models could be attributed to the choice of
peptide substrates used in evaluating the ATPase dependency
of the reaction. Some of the earlier studies utilized peptides
lacking ATPase stimulation abilities as substrates, which
might have led to an underestimation of the contribution of
ATP hydrolysis toward peptide-cleavage efficiency. Although
S2 is significantly smaller than casein and contains only one
Lon cleavage site, it exhibits the same ATPase stimulation
profile as the latter (23). Together with the previous data
indicating that thekcat for peptide degradation is 7-fold higher
in the presence of ATP versus AMPPNP, we conclude that
this peptide is more suitable for evaluating the ATPase-
dependent protease mechanism of Lon (11).

Pre-steady state kinetic analysis of the ATPase activity of
Lon further reveals functional nonequivalency in the subunits
of the enzyme, because only 50% of the ATP bound to Lon
is hydrolyzed before peptide cleavage. The observed asym-
metry in the ATPase activity could be attributed to the two
different classes of ATP-binding sites found inE. coli Lon
as reported by Menon and Goldberg [Kd < 1 µM andKd ∼
10 µM (19, 20)], who also observed that optimal protein
degradation requires occupancy of ATP at each site. The
molecular basis for such requirement, however, was not clear.
On the basis of the ATPase data obtained in this study, we
propose a sequential ATP hydrolysis reaction model that
could account for the aforementioned observations (Scheme
1). Assuming that∼50% of the Lon subunits exhibit high
affinity for ATP, these sites will be saturated at 5µM ATP,
which is the lowest concentration of ATP used in this study.
Under this condition, Lon binds but does not hydrolyze ATP.
As the concentration of ATP increases, the low-affinity sites
become occupied with the nucleotide, which upon full

FIGURE 10: Monomeric Lon (5µM) was incubated with 500µΜ
S2 and 100µM [R-32P]ATP for the indicated times and then
quenched with acid (O) or chased with 10 mM Mg‚ATP for 60 s
prior to quenching with acid (b). The data from 0 to 400 ms were
best-fit with eq 5 to yield a burst amplitude of 2.06( 0.15 µM
and a kburst of 6.2 ( 1.4 s-1 for the acid-quench experiment.
Similarly, a burst amplitude of 4.1( 0.1 µM and akburst of 18 (
2 s-1 were yielded for the pulse-chase experiment. The amount of
[R-32P]ADP generated at each time point was reported on the right
y axis. The values on the lefty axis were obtained by dividing the
concentrations of ADP formed by 5µM Lon.

Scheme 1a

a E and F are different catalytic forms of Lon along the reaction
pathway.

Kinetic Mechanism of ATP Hydrolysis and Peptide Cleavage Biochemistry, Vol. 44, No. 5, 20051679



occupancy activates ATP hydrolysis at the high-affinity sites.
Hydrolysis of ATP at the low-affinity sites occurs thereafter.
On the basis of this model, the first turnover of ATP
hydrolysis, which occurs at the high-affinity sites, is de-
pendent on the binding of ATP to the low-affinity sites and
a 50% burst in ATP hydrolysis is anticipated in the burst
phase of the acid-quench experiment as shown in Figures
8B and 10. However, when chased with unlabeled ATP, the
radiolabeled ATP bound to the low-affinity sites will
eventually hydrolyze ATP to yield a full burst in ADP
formation (Figure 10). Because initial ATP hydrolysis occurs
at the high-affinity sites, the burst amplitudes but not the
burst rates are dependent on ATP binding to the low-affinity
sites (parts B and C of Figure 8). Because peptide hydrolysis
is coupled with a step after ATP hydrolysis, the binding of
ATP to the low-affinity sites therefore indirectly activates
the peptidase activity by stimulating ATP hydrolysis. The
triphasic ATPase time courses together with the half-site
reactivity in ATP hydrolysis are similar to the ATPase
activity of yeast topoisomerase in which its sequential
ATPase mechanism contains a burst phase and two slow
steps of comparable magnitudes (27). It is possible that Lon
adopts a similar mechanism in coupling ATPase activity to
activate peptide cleavage. To further evaluate this hypothesis,
we fit the averaged time courses of the acid-quenched
ATPase data (from 5 to 100µM ATP) collectively to the
kinetic mechanism shown in Scheme 1 by regression analysis
using FitSim (28-30) or KinFitSim (31). This minimal
mechanism features the sequential ATPase mechanism
deduced based upon the data analyses presented above and
assumes that one of the product-release steps limits enzyme
turnover. In addition, the concentration of enzyme used for
the fitting process was varied at the respective ATP
concentration based upon the data reported in Figure 8B.
The twokon andkoff for ATP binding are estimated from the
two ATP affinities of Lon [<1 and 10µM, respectively (19)].
Because the kinetics of product release are yet to be
determined, the rate constants associated with events after
steady-state turnover are at present hypothetical. Fitting the
data to this mechanism yielded a pre-steady-state burst rate
constant for ATP hydrolysis of 8( 2.4 sec-1 and a steady-
state turnover of 4( 0.34µM/sec (Figure 11), which, upon
division by the 5µM Lon monomer present in the reaction,

yielded the steady-state turnover number for ATP hydrolysis
of 0.8 sec-1. These values are in accordance with the
maximumkburst of 11.3 ( 3.3 s-1 andkcat,ATP of 1.4 ( 0.1
s-1 determined by analyzing the pre-steady-state and steady-
state time course of ATP hydrolysis separately as described
above (Table 2). While the ATPase time courses presented
in this study could be consistent with a sequential reaction
mechanism of Lon, these experiments alone cannot conclu-
sively determine this mechanism. Therefore, additional pre-
steady-state kinetic characterizations are currently underway
to further investigate the ATPase reaction mechanism of Lon
in more detail.

The ATPase mechanism proposed in this study predicts
that communication between the two classes of ATPase sites
contribute significantly to peptide cleavage. This proposal
is supported by the observation that both the ATPase and
peptidase sites display the same level of positive cooperat-
ivity in the binding and hydrolysis of substrates. We observe
that theklag as well as the observed steady-state rate constant
(kss,S3) values of peptide cleavage exhibit sigmoidal depen-
dency on S3 concentrations with a Hill coefficient (n) ranging
from 1.22 to 1.7 (Table 1). Moreover, both the steady-state
turnover number as well as the burst amplitude of ATP
hydrolysis determined at saturating S2 and varying ATP
concentrations also exhibit sigmoidal kinetics. Assuming that
E. coli Lon is a hexamer (14), the maximumn value would
be 6, and thus, ann value of ∼1.6 measured here either
suggests slight positive cooperativity among the six Lon
subunits or the communication between the two classes of
ATPase sites with a maximum ofn ) 2. While the extent
of subunit communication cannot be defined in this study,
our results clearly reveal that interactions among the subunits
in Lon affect the ATPase and peptidase activities of the
enzyme.

Because ATP hydrolysis does occur before S3 cleavage,
we propose that nucleotide hydrolysis generates an enzyme
form that subsequently cleaves S3. Lon exhibits high
sequence and structural homology with the heterosubunit
ATP-dependent proteases, such as HslUV, which utilizes
ATP hydrolysis to deliver unfolded polypeptide substrates
to the proteolytic site (14, 15, 17, 32-34). This similarity
suggests that ATP consumption serves a similar function in
Lon. Previously, we employed steady-state kinetics and
product inhibition studies to construct a kinetic model to
account for the observed “ATPase-dependent” S3 cleavage
reaction by Lon (11). Because the identities of different
enzyme intermediates existing along the peptidase reaction
pathway are not defined, we cannot fit the time courses of
the peptidase reactions to a defined kinetic mechanism as in
the case for the ATPase reaction. However, a simplified
version of this model showing the microscopic events
associated with S3 cleavage is provided in Scheme 2. This
model proposes that ATP hydrolysis facilitates the delivery
of S3 to the peptidase site of Lon and the exchange of ADP
with ATP in step 3 is rate-limiting. In the presence of excess
S3, the peptide binds to an allosteric site in Lon to promote
the exchange of ADP with ATP, thereby increasing the
catalytic turnover of ATP hydrolysis. The data obtained in
this study support this proposed model by revealing that ATP
hydrolysis precedes peptide bond cleavage. The hydrolysis
of ATP (step 2) occurs with an apparent rate constant of
∼11 s-1 (Table 2) to generate an active enzyme form “F”

FIGURE 11: Collective fit of acid-quench ATPase data using FitSim.
Simulation of the ATPase mechanism outlined in Scheme 1 was
performed using FitSim. The resulting solid lines yielded akburst)
8 ( 2.4 s-1 and kss,ATP ) 0.8 s-1 and were overlayed with the
experimental data from Figure 7, demonstrating consistency with
the proposed sequential mechanism.
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that, upon the exchange of ADP with ATP, cleaves S3 (step
3). We tentatively assign step 3 as the slow step because
ADP inhibits S3 cleavage and its slow release from Lon
would be consistent with the detection of burst kinetics in
ATP hydrolysis (Figure 5). If F/ATP/S3 is the enzyme form
that catalyzes peptide bond cleavage and subsequent steps
associated with S3 cleavage are fast, then the kinetics of S3
cleavage will exhibit a lag whose duration depends on the
kinetics of ADP and/or Pi dissociation. Because the lag rate
constant for S3 cleavage is∼1 s-1 (Table 1) and thekcat of
ATP hydrolysis is∼1.2 s-1 (Table 2), it is conceivable that
such coordination between the two hydrolytic events occurs
in the first turnover of S3 cleavage. However, it is also
possible that thekcat of ATP hydrolysis and theklag of S3
cleavage are coordinated successively in the reaction pathway
of Lon. In this case, both steps contribute sequentially to
limit the turnover of peptide hydrolysis. The data presented
in this study cannot distinguish between these two possibili-
ties, and further kinetic characterization is needed to further
delineate this mechanism.

In addition to peptide translocation, the ATPase activity
of Lon could also be used to facilitate other kinetic events
prior to peptide cleavage. For example, because Lon func-
tions as an oligomer, ATP hydrolysis may be used to promote
enzyme oligomerization or to induce a conformational change
in the oligomer that facilitates peptide cleavage. The kinetic
data presented in this study cannot disprove these possibilities
because these events occur before S3 cleavage. However,
studies performed on the oligomerization of Lon homologues
(3, 35, 36) thus far have revealed that the enzyme oligo-
merization is independent of nucleotide, thereby excluding
the possibility that ATP consumption is coupled to enzyme
oligomerization. However, unpublished data (Lee and Burke)
suggest that the oligomerization of Lon is a reversible process
that is sensitive to reaction conditions. As such, studies are
currently being conducted to evaluate the effect of ATP on
the oligomeric state of Lon under the reaction conditions
used in these studies.
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