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ABSTRACT: Lon is an ATP-dependent protease that degrades unstructured proteins. In this study, we have
examined the ATP dependency ofEscherichia coliLon catalyzing the hydrolysis of a defined fluorogenic
peptide known as S3. Steady-state velocity analyses of S3 degradation in the presence of ATP, or the
nonhydrolyzable ATP analogue AMPPNP, indicate a sequential mechanism, and thekcat of the reaction
was 7-fold higher in the presence of ATP. Comparing the pre-steady-state time courses of the ATP-
versus AMPPNP-mediated S3 hydrolysis reveals that ATP hydrolysis accelerates a slow step before the
chemical cleavage of peptide. Product inhibition studies indicate that ADP is competitive versus ATP but
noncompetitive versus the S3 substrate. In the absence of S3, Lon exhibits a 10-20-fold higher affinity
for ADP than ATP. However the S3 substrate weakens the affinity of Lon for ADP by 7-19-fold, indicating
that this peptide also promotes ADP/ATP exchange in Lon similar to that observed with protein substrates.
The hydrolyzed peptide product, Pd1, exhibited noncompetitive inhibition versus both ATP and S3
substrates. Together with the small change in theKi of Pd1 at increasing S3 concentrations, the Pd1
inhibition data support the existence of an isomechanism in Lon catalyzing the hydrolysis of S3 in the
presence of ATP or AMPPNP. Upon the basis of the collected data, an extended kinetic mechanism is
proposed for the ATP-dependent peptidase mechanism of Lon.

Lon protease, also known as protease La, belongs to a
class of ATP-dependent serine protease functioning to
degrade misfolded/nonsense proteins as well as certain short-
lived regulatory proteins (for reviews,1-3). Lon was first
isolated as the translational product of thelon (capR) gene
in Escherichia coli(E. coli, 4). Homologues oflon have since
been found in the mitochondria of eukaryotic cells (5-8).
In E. coli, Lon functions as a homotetramer with each subunit
having a molecular weight of 88 kDa. Each monomeric
subunit contains an ATPase and a peptidase site. The
existence of an allosteric protein-binding site that activates
the ATPase activity of Lon has also been implicated (2),
but the location of this site in the protease has yet to be
determined. Optimal polypeptide degradation activity of Lon
is maintained by the kinetic coordination of the ATPase, the
peptidase, and the putative allosteric protein binding sites
(3).

In vivo, Lon degrades polypeptides with concomitant
hydrolysis of ATP to yield small peptide fragments that are
5-10 amino acids long and ADP, which is a potent product
inhibitor (3, 9, 10). Lon displays broad primary sequence
specificity in degrading polypeptides. Analysis of the Lon
cleavage sites in protein substrates reveals that Lon prefers
to cleave after hydrophobic residues, but numerous excep-
tions to this rule have been detected in the Lon cleavage
profiles of protein substrates (3, 11-13). Lon also hydrolyzes
certain hydrophobic methoxynaphthylamide tetrapeptides

containing only one Lon cleavage site. Compared to protein
substrates, the specificity constants (V/Km) for the tetrapep-
tides are 1000-fold lower, and the catalytic efficiency of
tetrapeptide cleavage is affected by altering the amino acids
distal from the scissile bond (14). Therefore, the peptide
substrate specificity is not strictly determined by the amino
acids at the site of cleavage.

Since ATP is the physiological activator of Lon protease,
an understanding of the kinetic coordination of the ATPase
and the peptidase activity of Lon is important for under-
standing the mechanism of this enzyme. For example, an
interesting paradox is that protein substrates stimulate (10,
15, 16) while methoxynaphthylamide tetrapeptides inhibit
the ATPase activity of Lon (14). It is proposed that only the
former substrates interact with Lon allosterically to stimulate
ATP hydrolysis by promoting ADP release from the enzyme,
which has been assumed to be the rate-limiting step of the
reaction (3). This model predicts that peptide cleavage occurs
before ATP hydrolysis, and the catalytic turnover of peptide
cleavage is dependent on the substrate’s ability to promote
ADP release from the enzyme. Furthermore, because the
nonhydrolyzable ATP analogues such as AMPPNP1 support
peptide cleavage in unstructured substrates without generat-
ing ADP, it is proposed that nonhydrolyzable ATP analogues
bind and lock Lon in an active conformation to carry out
peptide bond cleavage (3, 12). According to this hypothesis,
one anticipates that the nonhydrolyzable ATP analogues are
more effective than ATP in supporting the degradation of
unstructured polypeptides by Lon, as no ADP is generated
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to inhibit Lon. On the contrary, the catalytic efficiencies of
ATP-mediated unfolded polypeptide cleavage are higher,
though in some instances comparable to, those values
determined for the AMPPNP-mediated peptidase reactions
(3, 12). Since ADP release does not participate in the reaction
pathway of AMPPNP-mediated peptide hydrolysis, we
question how ATP hydrolysis contributes to the catalytic
efficiency of unstructured peptide cleavage and the location
of the rate-limiting step in the AMPPNP-mediated peptidase
reaction.

Using fluorescence resonance energy transfer techniques,
we have shown that ATP is more effective than AMPPNP
in mediating the cleavage of an unstructured 11 amino acids
long fluorescent peptide (S1, Figure 1, also known as FRETN
89-98 in our previous study,17) containing a unique Lon
cleavage site. The sequence of this peptide was designed to
mimic the truncated carboxyl terminus of theλ N protein,
which is a physiological substrate ofE. coli Lon (12). The
kcat/Km values of the two substrates are comparable, and Lon
cleaved both substrates at the same scissile bond between a
Cys and Ser residue. The intrinsic ATPase activity of Lon
was also stimulated by the synthetic peptide S1 as well as
by the native protein substrateλN (12, 17). In this study,
we compared the kinetic parameters of ATP- versus AMP-
PNP-mediated S1 cleavage to quantify the contribution of
ATP hydrolysis toward peptide cleavage. We also examined
the kinetic mechanism of ADP and hydrolyzed peptide
product inhibition to identify different enzyme forms existing
in the peptidase pathway of Lon under steady-state condi-
tions. The elucidation of a minimal kinetic mechanism in
this study allows for the construction of a working model to
account for the functional consequences of the kinetic
coordination of ATPase and peptidase activity in Lon
catalysis.

EXPERIMENTAL PROCEDURES

Materials. Fmoc-protected amino acids, Boc-Abz, and
Fmoc-protected Lys Wang resin and HBTU were purchased
from Advanced ChemTech and NovaBiochem. HATU was
purchased from PerSeptive Biosystem. All solvents and
reagents used for peptide synthesis were purchased from
Acros, Aldrich, and Fisher. ATP, AMPPNP, and ADP were
purchased from Sigma. Tris buffer, cell culture media, IPTG,
and chromatography media were purchased from Fisher and
Sigma.

General Methods.The peptide substrates S1 and S2 and
the peptide product Pd1 were synthesized using Fmoc solid-
phase synthesis methodologies (18), and E. coli Lon was

purified and quantitated as previously described (3). In brief,
E. coli cells hosting the Lon expression vector pSG11 (3)
were grown in superbroth (SB, per L: 30 g bactotryptone,
20 g yeast extract, 10 g MOPS, pH 7, 100µg/mL amp) at
37 °C and induced with 1 mM IPTG at OD600 ) 1.5 for two
additional hours. Cell lysate was loaded onto a phospho-
cellulose column preequilibrated with 50 mM KPi, pH 7, 2
mM DTT, and 20% glycerol and then eluted with a linear
gradient of KPi buffer (0.1-0.5 M KPi, pH 7, 2 mM DTT,
20% glycerol). Lon positive fractions (eluted between 0.25
and 0.4 M KPi) were pooled, concentrated by an amicon
concentrator and then dialyzed into 50 mM Tris, pH 8.0, 2
mM DTT, and 20% glycerol. The dialyzed protein was
loaded onto a DE 52 column equilibrated with the same Tris
buffer. The resulting column was eluted with a linear KPi
gradient (70-100 mM KPi, pH 7, 2 mM DTT, 20%
glycerol). Lon was further eluted with 0.1 M KPi until all
the protein was removed from the column, as judged by 12%
SDS-PAGE. The Lon positive fractions were pooled and
then precipitated with 80% ammonium sulfate (w/v). The
precipitate was recovered by centrifugation and then dis-
solved in minimum amount of 75 mM KPi, pH 7, 2 mM
DTT, 20% glycerol prior to purification by a Superose 6
(Pharmacia) gel filtration column equilibrated with the same

1 Abbreviations: AMPPNP, adenylyl 5-imidodiphosphate; DTT,
dithiothreitol; Fmoc, 9-fluorenylmethoxycarbonyl; Boc, butoxycarbonyl;
HATU, 2-(1H-9-azabenzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate; HBTU,O-benzotriazole-N,N,N′,N′-tetramethyl-
uronium hexafluorophosphate; FRET, fluorescence resonance energy
transfer; Abz, anthranilamide; Tris, 2-amino-2-(hydroxymethyl)-1,3-
propanediol; amp, ampicillin; KPi, potassium phosphate;λ N, also
known as theλ N protein, aλ phage protein that allowsE. coli RNA
polymerase to transcribe through termination signals in the early operons
of the phage; S1, also known as the FRETN 89-98 peptide in our
previous study, contains amino acid residues 89-98 of theλ N protein;
S2, a nonfluorescent analogue of S1 that is cleaved by Lon identically
as S1; S3, a mixed peptide substrate containing 5% S1 and 95% S2
designed to overcome the inner filter effect observed in S1; Pd1, the
hydrolyzed product of S2 containing the last five amino acids from
the carboxyl terminal of S2.

FIGURE 1: ATP-dependent peptide cleavage byE. coli Lon. S1 is
the fluorogenic substrate, and S2 is the nonfluorescent analogue of
S1. The S3 peptide substrate used in this study contains 5% S1
and 95% S2. After incubation with Lon and ATP, the substrate is
hydrolyzed into the products shown, including Pd1 (in the box).
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phosphate buffer. Lon recovered from gel filtration chro-
matography was concentrated and stored in aliquots at-80
°C. The removal of ADP from Lon was monitored by the
shift in the maximum absorption of the protein from 275 to
280 nm in the UV spectra of the protease. Bradford assays
were used to quantify Lon monomer concentrations using
Lon monomer standards. The Lon monomer standards were
prepared from diluted stocks of a Lon sample, whose
concentration was determined by quantitative amino acid
analysis.

Steady-State Velocity and Product Inhibition Studies.
Steady-state velocity data were collected on a Fluoromax 3
spectrofluorimeter (Horiba Group) equipped with a temper-
ature-regulated cell holder connected to circulating water bath
to maintain a constant temperature of 37°C. All assays were
performed in microcuvettes (Hellma) with a 3-mm path
length. A typical assay contained 50 mM Tris HCl, pH 8.1,
2 mM magnesium acetate, 2 mM DTT, 125 nME. coli Lon
monomer, and varying concentrations of nucleotide (ATP
or AMPPNP) or peptide substrate (S3) in the absence or
presence of ADP or the hydrolyzed peptide product (Pd1).
The enzyme was preincubated with peptide substrate in the
absence or presence of inhibitor in the reaction buffer at 37
°C for 1 min prior to initiation of the reaction by ATP. The
progress of the peptide cleavage reaction was monitored by
the increase in fluorescence (excitation 320 nm, emission
420 nm). The degree of peptide hydrolysis was calibrated
by determining the maximum fluorescence generated per
micromolar peptide due to complete digestion by trypsin
under identical reaction conditions.

Data Processing.The steady-state rates were determined
from tangents to the linear steady-state portions of the
reaction time courses using the computer program Kaleida-
Graph (Synergy, Inc.). All experiments were performed in
triplicate, and the standard deviation among the values was
within 10%, except for assays performed at very high
inhibitor or low substrate concentrations, in which case the
standard deviation was within 20%. The appropriate equa-
tions (19) were fit to the experimental data using the software
program Enzfitter (Biosoft). The sigmoidal velocity versus
substrate concentration curve for S3 cleavage was fit by
eq 1. The general bireactant eq 2 was fit to the steady-
state velocity data for peptide cleavage at varying ATP
and S3 concentrations. The product inhibition data were fit
by eq 3 for noncompetitive inhibition and by eq 4 for
competitive inhibition. The intrinsic dissociation constant and
the Michaelis constant ofA were deduced fromKia′ andKa′,
respectively, using eq 5:

In eqs 1-4, V is the steady-state velocity,V is the maximum
velocity, A is the S3 peptide substrate concentration,B is
the ATP concentration,n is the Hill coefficient, andKb is
the Michaelis constant for ATP.I is the inhibitor concentra-

tion, andKis andKii are the inhibition constants at low and
high concentrations of the varying substrate, respectively.

Pre-Steady-State Time Courses of S1 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 v7.50 beta. The sample
syringes were maintained at 37°C by a circulating water
bath. Syringe A contained 10µM Lon monomer, 1.6 mM
(30% S1 + 70% S2) peptide substrate, and the typical
reaction components, including 5 mM Mg(OAc)2, 2 mM
DTT, and 50 mM Tris pH 8.1. Syringe B contained 2 mM
ATP or AMPPNP, 5 mM Mg(OAc)2, 2 mM DTT, and 50
mM Tris pH 8.1. Peptide cleavage was detected by an
increase in fluorescence (excitation 320 nm, emission 420
nm) following rapid mixing of syringe contents in the sample
cell. Data shown are the result of normalizing the baseline
fluorescence to zero, and averaging at least six traces. The
lag equation (20) was fit to the averaged time courses:

whereF is the relative fluorescent intensity,Vf is the final
velocity, Vi is the initial velocity,t is time in second, andk
is the apparent lag rate of the time courses.

RESULTS

Utilization of a Mixed Peptide Substrate to Monitor the
Peptidase ActiVity of Lon.We previously developed an 11-
amino-acid fluorogenic peptide as a substrate for Lon.
Cleavage of this peptide, designated as S1, was accurately
monitored by the increase in fluorescence that accompanied
the separation of an anthranilamide group from nitrotyrosine
upon cleavage by Lon. The maximum fluorescence generated
from complete cleavage of S1 by trypsin is linear up to only
160 µM due to interference by the inner filter effect (17).
Therefore, to expand the utility of S1 as Lon substrate above
160µM, we utilized a mixed peptide substrate composed of
S1 and S2 (Figure 1) to monitor the time courses of peptide
cleavage by Lon. We synthesized S2, a nonfluorescent
analogue of S1, by replacing the fluorophore anthranilamide
with benzoic acid amide and the nitrotyrosine quencher with
tyrosine and digested various concentrations of a peptide
mixture (S3) containing 5% S1 and 95% S2 with trypsin.
The fluorescence signal generated from complete trypsin
digestion of peptide S3 is linear up to 800µM total peptide
concentration (data not shown) and suggest that S2 can be
used as a fluorescently silent cosubstrate in the fluorescence
peptidase assay.

A lag phase was detected prior to attainment of a steady-
state rate in all time courses generated under excess substrate
over enzyme conditions regardless of whether S1 or S3 was
used as the substrate. Representative time courses obtained
by Lon cleaving 50µM of S3 in the presence of ATP as
well as in the presence of ATP and ADP are provided in
Figure 2. The initial lag phase was not dependent on
preincubation with peptide since a similar lag was observed
when Lon was added to the reaction last. However, prein-
cubation of Lon with ATP prior to addition of the peptide
substrate increases the duration of the lag phase.

Despite the presence of the lag, steady-state rates were
measured from the tangents of the time courses as described
under data processing in the Experimental Section. The

V ) VAn/(An + Ka′) (1)

V ) VAnB/(Kia′Kb + Ka′B + KbA
n + AB) (2)

V ) VAn/(Ka′[1 + I/Kis] + An[1 + I/Kii ]) (3)

V ) VAn/(Ka′[1 + I/Kis] + An) (4)

log K ) (log K′)/n (5)

F ) Vft - (Vf - Vi)/k{1 - exp(-kt)} (6)
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steady-state rates of peptide cleavage in the presence of either
500 µM ATP or AMPPNP were plotted against the corre-
sponding peptide concentrations as depicted in panels A and
B, respectively, of Figure 3. The kinetic parameters associ-
ated with S3 cleavage by Lon in the presence of ATP agree
closely with the parameters determined using S1 using the
same enzyme preparation (Table 1). To verify the utility of
our assay system, we independently monitored the time
courses of S2 (the 95% cosubstrate of S3) cleavage by Lon

using reverse-phase HPLC. The kinetic parameters deter-
mined for S2 cleavage in the presence of 500µM ATP were
identical to those determined in the fluorescence peptidase
assay using either S1 or S3 as substrate (Supporting
Information).

Steady-State Velocity Studies of ATP- and AMPPNP-
Mediated S1 CleaVage in the Absence of Added Inhibitors.
The steady-state velocities of S3 cleavage were monitored
at varying concentrations of S3 while maintaining the
concentration of either ATP or AMPPNP constant. Alter-
natively, the velocities were monitored at various nucleotide
levels but at a fixed peptide concentration. The double
reciprocal plot of the initial velocity data intersects to the
left of the ordinate in the ATP- as well as in the AMPPNP-
dependent reactions (plots not shown), suggesting a sequen-
tial kinetic mechanism for peptide cleavage. Equation 2 was
fit directly to the velocity data and the resulting kinetic
parameters are summarized in Table 1. Both the ATP- and
AMPPNP-mediated S3 peptidase reactions exhibit sigmoidal
kinetics with nearly identicalKa, Kb and Hill coefficient
values. However, thekcat of ATP-mediated S3 hydrolysis is
7.7/s, which is 7-fold higher than that of AMPPNP.

Pre-Steady-State Time Courses of ATP- and AMPPNP-
Mediated S1 CleaVage at Saturating Substrate Conditions.
Nucleotide-freeE. coli Lon preincubated with 10× Km the
amount of S3 (containing 30% S1 and 70% S2 in the pre-
steady-state study) was rapidly mixed with a saturating
concentration of ATP or AMPPNP (1 mM) in a stopped flow
apparatus. An increase in fluorescence was detected upon
exciting the reaction at 320 nm. As shown in Figure 4, a lag
phase was detected in the beginning of the time course using
5 µM E. coli Lon monomer (final concentration) in the
reaction. The time course represents an average of at least
six traces. The kinetic parameters obtained by fitting eq 6
to the time courses as described in methods are summarized
in Table 2, which shows that values obtained for the
AMPPNP-mediated S1 cleavage are lower than those for the

FIGURE 2: Measurement of the steady-state velocity from the
progress curve of fluorescence change associated with S3 cleavage
by Lon. E. coli Lon (125 nM) was incubated with 50µM S3 in the
absence and presence of ADP as described in experimental prior
to addition of ATP. The time course of each reaction is monitored
by the increase in fluorescence at excitation 320 nm and emission
at 420 nm. The steady-state rate of fluorescence change is obtained
from the tangent of the steady-state phase of the time course. The
rate of peptide hydrolysis is calculated by dividing the rate of
fluorescence changes by the amount of fluorescence generated from
tryptic digestion of 1µM of peptide as described by Lee and Berdis
(17).

FIGURE 3: Velocity curve of S1 or S3 cleavage byE. coli Lon in
the presence of 500µM ATP or AMPPNP. (A) The rates of peptide
cleavage were determined at 125 nM ofE. coli Lon monomer and
varying concentrations of S1 (×) or S3 (O) in the presence of 500
µM ATP. Data points are experimental, and the lines are derived
from a fit of the data using eq 1. (B) The rates of S3 cleavage
were determined as described in panel A, except that 500µM of
AMPPNP was used in place of ATP.

Table 1: Steady-State Kinetic Parameters of ATP- versus
AMPPNP-Mediated Peptide Cleavagea

500µM ATP ( SE

parameters S3 substrate S1 substrateb
500µM

AMPPNP( SE

Ka
c (µM) 85 ( 4 84( 5 77( 7

n 1.60( 0.05 1.56( 0.03 1.6( 0.2
Kb (µM) 7.2 ( 1.1e 10.0( 1.0e

Vmax (nM/s) 963( 28d 834( 10 125( 6d

(589( 24)e (50 ( 1)e

Ka′ (µM) 1200( 120e 1000( 100 760( 60e

Kia′ (µM) 660 ( 300e 750( 150e

kcat
f 7.7/s 6.7/s 1/s

(4.7/s)e

a Subscript a denotes S3 or S1 peptide substrate, whereas b is either
ATP or AMPPNP.b The kinetic parameters for S1 cleavage were
obtained by fitting eq 1 to the data obtained for 10, 20, 30, 40, 60,
100, 140, and 160µM peptide cleavage in the presence of 500µM
ATP to yield yieldKa′. TheKa values were then obtained from theKa′
and then values using eq 5.c These values were determined by first
fitting eq 2 to the rate data to yieldKa′. TheKa values were then obtained
from theKa′ and then values using eq 5.d These values were obtained
by fitting eq 1 to the data obtained at 10-160 µM peptide substrate
concentrations.e These values were obtained by fitting eq 2 to the data
at 50, 100, 150, and 200µM peptide and at 5, 10, 50, 75, 150, and 250
µM ATP. f These values were obtained by dividingVmax by total Lon
monomer concentration, which is 125 nM.
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ATP-mediated reaction. Table 2 also shows that while the
initial rates (Vi) of the two nucleotide-dependent reactions
differ by 2.6-fold, their lag rate constants and their final
velocities (Vf) differ from one another by 6-10-fold.

ADP Inhibition Studies.The steady-state velocities of ADP
inhibiting S3 hydrolysis by Lon were determined at a
constant level of one substrate and at varying concentrations
of the other substrate at several fixed levels of ADP. The
respective inhibition constants determined are summarized
in Table 3. When the concentration of ADP was varied
against ATP at 80µM (Ka level) S3, the steady-state velocity
data were best fit by the equation for a competitive inhibition
(eq 4) yielding a Kis of 0.8 µM for ADP. When the
concentration of ADP was varied against S3 at 10µM (Kb),
100µM (10 × Kb), or 500µM (50 × Kb) ATP, the velocity
data were best fit by eq 3 that describes a noncompetitive
inhibition pattern. At each fixed ATP concentration, theKis

of ADP is lower than theKii value. Comparison of the
intrinsic Kis obtained for ADP (0.3-0.7 µM, Table 3) with
the Kb of ATP (7.2 µM, Table 1) suggests that ADP binds
to Lon with higher affinity than ATP. Comparing the
respectiveKis or Kii values determined at the three different
ATP concentrations versus varying peptide also indicate that

the apparent inhibition constant for ADP increases with
increasing ATP, which is consistent with both nucleotides
competing for the same site in Lon.

Peptide Production Inhibition Studies.The inhibitory
effects of one of the hydrolyzed peptide products containing
the last five residues of S2 (Figure 1, Pd1) on the peptidase
activity of Lon were examined. The steady-state velocity data
were best fit by the noncompetitive inhibition eq 3 when
the concentration of Pd1 was varied against the concentra-
tions of S3 at 500µM ATP or AMPPNP. The inhibition
constants deduced from the fits are summarized in Table 4.
As shown in Table 4, the respectiveKis and Kii values
determined in the presence of ATP versus AMPPNP are
identical, and theKis andKii values are comparable to one
another. Compared to the affinity of the substrate S3 for Lon
(Ka ) 85 µM, Table 1), the apparent affinities of Pd1 at 500
µM of either nucleotide are 3-4-fold lower (270-300µM,
Table 4).

The steady-state velocities of S3 hydrolysis at varying ATP
concentrations against several fixed Pd1 concentrations in
the presence of 80µM or 600 µM of S3 were also
determined. The velocity data were best fit by the noncom-
petitive inhibition eq 3 to yield the respectiveKis and Kii

values as summarized in Table 4. The double reciprocal plots
of the peptidase velocities against ATP concentrations in the
presence of different concentrations of Pd1 show a series of
lines that converge to the left of the ordinate. An exception
to the inhibition pattern was noticed in the double reciprocal
plot of 600µM Pd1 against ATP in the presence of 80 or
600µM of S3 (Figure 5), where the data points either plateau
(at 80µM of S3, Figure 5A) or project upward (at 600µM
of S3, Figure 5B) at saturating ATP. Comparing theKis and
Kii values determined for Pd1 at 80 and 600µM S3 reveals
that the inhibitory effect of Pd1 is only affected slightly (2-
fold or less) by the 7.5-fold increase of S3 in the reactions
(Table 4).

DISCUSSION

Lon is an ATP-dependent protease that functions to
eliminate abnormal proteins and to control cellular metabo-
lism by eliminating superfluous enzymes as well as regula-
tory proteins (3). Since enzymes or regulatory proteins are
naturally occurring in the cell and their functions are crucial
to cell viability, it is important that the degradation of these
proteins by Lon is tightly controlled such that cellular
homeostasis can be maintained. Because the proteolytic
activity of Lon is activated by ATP, but inhibited by the
hydrolyzed ATP product ADP (10, 21), the ability to
correlate the proteolytic activity of Lon with the dynamic
flux of ADP/ATP concentration may provide more insight
into the regulatory mechanism of Lon catalysis. Moreover,
Lon hydrolyzes polypeptide substrates to yield products that
are 5-10 amino acids long; since tetrapeptides, but not the

FIGURE 4: Pre-steady-state time courses of S3 cleavage at saturating
substrate conditions. The ATP- and AMPPNP-dependent cleavage
of 800µM of S3 (30% S1 and 70% S2) by 5µM Lon monomer in
the presence of 1 mM ATP or AMPPNP (all reagents are reported
as final concentrations) was monitored by fluorescence stopped flow
at 37°C. The time course for the ATP-dependent reaction was an
average of 10 traces, whereas the time course for the AMPPNP-
dependent reaction was an average of 6 traces. The averaged time
courses were fit by eq 6 to yield the kinetic parameters summarized
in Table 2.

Table 2: Pre-Steady-State Kinetic Parameters for the ATP- versus
AMPPNP-Mediated Peptide Cleavagea

parameters ATP AMPPNP

Vi (∆ fluorescence/s) 0.024( 0.002 0.0094( 0.0006
Vf (∆ fluorescence/s) 0.25b 0.027( 0.003
k (s-1) 0.76( 0.03 0.12( 0.04
a The parameters are obtained by fitting the pre-steady-state time

course for S3 cleavage in the presence of ATP or AMPPNP to eq 6.
b The standard error of the fit is less than 1%.

Table 3: ADP Inhibition Analyses of ATP-Dependent Peptide
Cleavage byE. coli Lon

varied
substrate

fixed
substrate inhibitor pattern

Kis ( SE
(µM)

Kii ( SE
(µM)

ATP 80µM S3 ADP C 0.8( 0.2
S3 10µM ATP ADP NC 1.0( 0.1(0.3)a 7 ( 1
S3 100µM ATP ADP NC 10( 1(0.5)a 50 ( 9
S3 500µM ATP ADP NC 52( 1(0.7)a 500( 22
a These values correspond to the intrinsicKi for ADP calculated from

the equationKi,app ) Ki(1 + ATP/Kb).

Table 4: Hydrolyzed Peptide Product Inhibition Studies of
ATP-Dependent Peptide Cleavage byE. coli Lon Protease

varied
substrate

fixed
substrate inhibitor pattern

Kis ( SE
(µM)

Kii ( SE
(µM)

S3 500µM ATP Pd1 NC 270( 5 200( 5
S3 500µM AMPPNP Pd1 NC 300( 60 200( 16
ATP 80µM S3 Pd1 NC 270( 70 350( 30
ATP 600µM S3 Pd1 NC 450( 20 450( 3
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S1 or S3 peptide substrate, inhibit the ATPase activity of
Lon, we question whether the hydrolyzed peptide products
of S1 affect the peptidase activity of Lon.

Since S3 contains only one Lon cleavage site and it does
not contain any defined secondary structure (17), we can
directly assess the contribution of ATP hydrolysis toward
the peptide cleavage event by comparing the kinetic param-
eters associated with S3 cleavage accompanied by ATP
binding alone or with nucleotide hydrolysis. Assuming that
the nonhydrolyzable ATP analogue AMPPNP binding com-
pletely mimics the effects of ATP binding in activating the
peptidase activity of Lon, we could use AMPPNP to evaluate
the kinetic parameters of S3 cleavage resulting from nucle-
otide binding and ATP to evaluate the kinetic parameters of
S3 cleavage resulting from ATP binding and hydrolysis.
Figures 3 and 4 and Tables 1 and 2 compare the kinetics of
S3 cleavage in the presence of AMPPNP versus ATP. Table
1 shows that theKb values for the two nucleotides are similar
(7.2µM for ATP and 10µM for AMPPNP), suggesting that
Lon binds either nucleotide with comparable affinity in the
presence of S3. In addition, both nucleotide-mediated S3
cleavage reactions yield similar steady-state kinetic param-
eters with the exception that thekcat of peptide cleavage is
7-fold higher in the presence of ATP versus AMPPNP. The
observed difference in thekcat values is consistent with the
kinetic data obtained from the pre-steady-state time courses
of S3 cleavage at saturating nucleotide concentrations (Table

2). The pre-steady-state kinetic time courses of S3 cleavage
display lag kinetics in which the lag rate constant of peptide
cleavage at saturating ATP is 6.3-fold higher than that of
AMPPNP. Compared to AMPPNP, theVi andVf values of
ATP-dependent peptide cleavage is 2.5- and 9.3-fold higher,
respectively (Table 2). Collectively, our data suggest that
ATP affects thekcat of S3 cleavage by accelerating a slow
step before the chemical cleavage of peptide bond.

Although the molecular nature of this slow step is currently
unknown, this step may represent an ATP-dependent peptide
presentation or translocation event prior to substrate cleavage
(2). This hypothesis is based upon the observation that ATP
hydrolysis is used to present or translocate polypeptide
substrate to the protease site in other classes of ATP-
dependent proteases (22-24). Since Lon exhibits architec-
tural similarity with these other ATP-dependent proteases
(25-27), it is possible that Lon initially binds ATP and
AMPPNP identically but ATP hydrolysis is further used to
facilitate the translocation of the S3 substrate to the peptidase
site. Because AMPPNP is not hydrolyzed during S3 cleav-
age, the peptide substrate may gain access to the peptidase
site via a passive mechanism. At present, one cannot exclude
the possibility that Lon may bind ATP and AMPPNP
differently in forming the central complex Lon:nucleotide:
S3 prior to peptide cleavage. In this case, the difference in
the lag phase in the pre-steady-state time courses of ATP-
versus AMPPNP-mediated S3 cleavage would be attributed
to the formation of Lon:nucleotide:S3 prior to peptide
cleavage instead of a reflection of ATP hydrolysis used to
facilitate peptide presentation.

The detection of sigmoidal kinetics in the velocity curves
of S3 cleavage suggests cooperativity or allosteric activation
of peptide binding. However, it has also been noted that a
two-substrate enzyme adopting a steady-state random ordered
mechanism with a preferred pathway could display sigmoidal
kinetics (28, 29). This could occur if the formation of the
Lon:S3 complex and then Lon:S3:nucleotide is kinetically
preferred over the formation of Lon:nucleotide followed by
Lon:nucleotide:S3. In this model, the rate of peptide hy-
drolysis is predicted to be inhibited by high nucleotide
concentrations at unsaturating levels of S3, a phenomenon
that is absent in our study. Therefore the sigmoidal kinetics
are likely attributed to cooperativity or allosteric activation
by S3.

To further define the kinetic mechanism of ATP-dependent
S3 cleavage, we examined the inhibitory effects of ADP on
the peptidase activity of Lon as a function of varying either
ATP or S3 concentrations. The detection of competitive
inhibition in peptide hydrolysis at varying concentrations of
ADP against ATP atKa level of S3 (80µM) indicates that
the two nucleotides compete for the same enzyme form, and
that ADP acts as a dead end inhibitor. From the inhibition
studies, the intrinsic affinity of ADP (Kis andKii ) for Lon in
the absence and presence of S3 can be calculated from the
relationshipKi,apparent) Ki(1 + [ATP]/KATP), whereKi is the
apparentKis determined experimentally in Table 3. This result
suggests that ADP binds tighter than ATP to free Lon, since
the intrinsicKi of ADP (0.3-0.7 µM) is lower than theKb

of ATP (7.2 µM). Noncompetitive ADP inhibition was
detected when S3 was the variable substrate at 10 (1.5×
Kb), 100 (15× Kb), and 500µM (70 × Kb) ATP. Comparing
the Kis values with theKii values of ADP (Table 3) versus

FIGURE 5: Product inhibition of S3 cleavage by Pd1 at varying
ATP (10, 20, 50, 100, and 500µM) in the presence of 80µM (A)
and 600µM (B) S3. The double reciprocal plots display a series
of lines fit from all the experimental data. The symbols represent
the averaged data obtained from at least three trials. (A) All assays
were performed in the presence of 125 nME. coli Lon monomer
and 80µM S3 at varying ATP and at 0 (O), 100 (0), 200 (×), 400
(1), and 600 (2) µM Pd1. (B) All assays were performed in the
presence of 125 nME. coli Lon monomer and 600µM S3 at varying
ATP and at 0 (O), 100 (0), 200 (×), 400 (1), and 600 (2) µM
Pd1.
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S3 at the three different ATP levels indicates that the
presence of excess S3 weakens the affinity of ADP for Lon
by presumably binding allosterically to Lon to promote ATP/
ADP exchange in a similar manner as protein substrates. This
result distinguishes the S3 peptide substrate from the
methoxynaphthylamide tetrapeptides that inhibit the ATPase
activity of Lon.

We then utilized the peptide Pd1 as a product inhibitor to
study its effect on S3 cleavage with varying ATP as well as
with varying S3 concentrations. Noncompetitive inhibition
was observed when Pd1 was varied versus S3 at saturating
level of ATP or AMPPNP (500µM). This result suggests
that Pd1 binds to two different enzyme forms. Under these
reaction conditions, the apparent affinity of S3 for Lon is
higher (Ka ) 85 µM) than the affinity of Pd1 (between 200
and 300µM), and theKis values are comparable to theKii

values (Table 4), which further suggests that the inhibitory
effect of Pd1 cannot be overcome by increasing S3 concen-
trations. These results can be rectified if Lon isomerizes (an
iso-mechanism,30) upon S3 cleavage to yield a post catalytic
enzyme form that only binds Pd1 but not S3 (“F” in Scheme
1). Because both the ATP and AMPPNP-mediated S3
cleavage reactions exhibited the same inhibition results
(Table 4), it is not likely that ATP hydrolysis is associated
with Lon isomerization. The molecular nature of the post
catalytic Lon form (F) is further revealed by the noncompeti-
tive inhibition patterns obtained when the concentration of
Pd1 was varied against ATP at 80µM as well as at 600µM
S3 (Table 4). According to Figure 5, increasing the ATP
concentrations cannot alleviate Pd1 inhibition, and the rates
of S3 hydrolysis are further inhibited at high ATP concentra-
tions in the presence of 600µM Pd1. These observations
are consistent with the proposed mechanism in Scheme 1
where the post-catalytic (isomerized) form of Lon binds ATP
and Pd1 to form a nonproductive complex that hinders
enzyme turnover.

Upon the basis of the results obtained in this study, we
have built upon the existing model for Lon catalysis, which
assumes that Lon binds ATP and AMPPNP via the same
mechanism (3) and constructed a kinetic mechanism for the
ATP-dependent peptide hydrolysis reaction as shown in
Scheme 2. In the absence of S3, Lon (E) hydrolyzes ATP to
yield ADP, which binds to Lon more tightly than ATP (steps
1-3). In the presence of S3, we hypothesize that Lon
translocates S3 to the peptidase site, accompanied by ATP
binding and hydrolysis (steps 1′ and 2′). Since AMPPNP
also supports peptide cleavage, it is likely that ATP binding
to Lon alone can accomplish peptide translocation, but the
rate of this process may be increased by ATP hydrolysis.
At saturating S3 and ATP, S3 binds to the allosteric site in
Lon to promote ADP/ATP exchange (step 3′-5′). Upon
binding of a second molecule of ATP, the translocated
peptide (S3*) is hydrolyzed at a specific site to yield small

peptide products (Pd1 and Pd2) (step 6′). Consequently, this
model predicts that two ATP molecules are used to cleave
an amide bond in S3, which is consistent with the detection
of two ATP molecules consumed per peptide bond cleavage
in protein substrates (9). During peptide cleavage, Lon also
undergoes an isomerization step to yield a post-catalytic
enzyme form (F) that binds ATP and the hydrolyzed peptide
products (steps 6′ and 7′). We hypothesize that the conversion
of the post catalytic form back to the pre-catalytic form of
Lon is required for enzyme turnover although the dynamics
of this process have yet to be determined (steps a-c).

It is important to emphasize that the mechanism proposed
in Scheme 2 is consistent with the physiological function of
a metabolic enzyme, as the proteolytic activity of Lon is
regulated by the dynamic flux of ATP, ADP and peptide
substrates. Because Lon exhibits ATP-dependent S3 cleavage
with concomitant stimulation of ATP hydrolysis, we are
currently using pre-steady-state kinetic techniques to eluci-
date the timing mechanism of ATP binding and hydrolysis
with peptide bond cleavage, which should further test the
validity of the mechanism proposed in Scheme 2.
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