
Single-Turnover Kinetic Experiments Confirm the Existence of High- and
Low-Affinity ATPase Sites inEscherichia coliLon Protease†

Diana Vineyard, Jessica Patterson-Ward, and Irene Lee*

Department of Chemistry, Case Western ReserVe UniVersity, CleVeland, Ohio 44106

ReceiVed NoVember 21, 2005; ReVised Manuscript ReceiVed January 31, 2006

ABSTRACT: Lon is an ATP-dependent serine protease that degrades damaged and certain regulatory proteins
in vivo. Lon exists as a homo-oligomer and represents one of the simplest ATP-dependent proteases
because both the protease and ATPase domains are located within each monomeric subunit. Previous
pre-steady-state kinetic studies revealed functional nonequivalency in the ATPase activity of the enzyme
[Vineyard, D., et al. (2005)Biochemistry 44, 1671-1682]. Both a high- and low-affinity ATPase site has
been previously reported for Lon [Menon, A. S., and Goldberg, A. L. (1987)J. Biol. Chem. 262, 14921-
14928]. Because of the differing affinities for ATP, we were able to monitor the activities of the sites
separately and determine that they were noninteracting. The high-affinity sites hydrolyze ATP very slowly
(kobs ) 0.019( 0.002 s-1), while the low-affinity sites hydrolyze ATP quickly at a rate of 17.2( 0.09
s-1, which is comparable to the previously observed burst rate. Although the high-affinity sites hydrolyze
ATP slowly, they support multiple rounds of peptide hydrolysis, indicating that ATP and peptide hydrolysis
are not stoichiometrically linked. However, ATP binding and hydrolysis at both the high- and low-affinity
sites are necessary for optimal peptide cleavage and the stabilization of the conformational change associated
with nucleotide binding.

Lon is an ATP-dependent serine protease functioning to
degrade damaged and certain regulatory proteins in vivo (1-
10). Lon belongs to the ATPases associated with a variety
of cellular activities (AAA+) superfamily, whose members
include ClpAP, ClpXP, ClpCP, and HslUV (11, 12). They
share a conserved Walker A (or P loop) and Walker B motif,
which is associated with nucleotide binding and hydrolysis
(13). Lon represents one of the simplest of the ATP-
dependent proteases because both the protease and ATPase
domains are located within each monomeric subunit (14, 15).
Crystal structures of portions of the enzyme have been
recently reported and include an inactive mutant of the Lon
protease domain (16-18). This structure shows Lon as a
hexamer organized in a ring with a central cavity, which is
commonly found in other ATP-dependent proteases (11, 13,
17). Although it is known that ATP modulates the protease
activity of Lon (4, 5, 7, 19), mechanistic details concerning
how the binding and hydrolysis of ATP are coordinated with
peptide bond cleavage is not known. However, it has been
shown that ATP binding and hydrolysis do not affect the
oligomeric state of the enzyme (20, 21).

We have previously developed a continuous fluorescent
peptidase assay to monitor the kinetics of peptide cleavage.
Because the inner-filter effect of fluorescence interferes at
high concentrations of 100% fluorescent peptide, we use S3,1

a 10% mixture of fluorescently labeled peptide with its
nonfluorescent analogue (S2) (22). No optical signal from
the peptide is needed when monitoring ATPase activity;
therefore, only the nonfluorescent analogue (S2) is used to

account for the effect of the peptide (23). This 10 amino
acid long (S3 and S2) peptide sequence contains only one
cleavage site and comes from theλN protein, which is a
physiological substrate ofEscherichia coliLon (24). Because
our model peptide (S3 and S2) contains only one Lon
cleavage site and it stimulates ATP hydrolysis, its kinetics
of degradation can be directly attributed to the ATP-
dependent peptidase reaction rather than polypeptide unfold-
ing or processive peptide cleavage (22, 24).

We have utilized this peptide substrate in steady-state
kinetic and product inhibition studies to establish a minimal
kinetic mechanism forE. coli Lon protease (22). This
mechanism proposed a sequential mechanism for ATP
binding and hydrolysis, which mediated peptide cleavage
presumably through a predicted ATP-dependent translocation
step. The resulting Lon/ATP-bound enzyme form (F) was
distinct from the precatalytic Lon (E). Because the steady-
state methods and predicted kinetic model could not address
the microscopic details along the reaction pathway, we
utilized pre-steady-state kinetic techniques to determine the
timing of events as well as individual rate constants.
Previously, we were able to elucidate the timing of ATP
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hydrolysis and peptide cleavage in Lon (25), by demonstrat-
ing that ATP hydrolysis was occurring before peptide
cleavage during the first turnover of Lon. This study found
that E. coli Lon exhibits lag kinetics in the degradation of
S3 but burst kinetics in ATP hydrolysis. Furthermore, the
ATPase activity of Lon reveals functional nonequivalency
in the subunits of the enzyme, because only 50% of the ATP
bound to Lon is hydrolyzed before peptide cleavage (25).
The observed asymmetry in the ATPase activity could be
attributed to the two different classes of ATP-binding sites
found in E. coli Lon as reported by Menon and Goldberg
(Kd < 1 µM and Kd ∼ 10 µM) (26).

Thus far, kinetic data on the ATPase-dependent degrada-
tion of the model peptide S3 by Lon implicates a reaction
model by which the nonequivalent ATPase sites function
cooperatively to modulate the efficiency of peptide cleavage
(25). This model predicts that ATP hydrolysis will occur
with a burst rate constant of∼12 s-1 at the tight sites of
Lon only when the low-affinity sites are occupied by ATP.
Furthermore, optimal peptide hydrolysis is attained through
the coordinated ATP binding to the low-affinity sites and
hydrolysis at the high-affinity sites. However, this model is
constructed on the basis of kinetic data obtained under pseuo-
first-order conditions, where the concentration of ATP is in
excess over Lon. As such, the functional roles of the high-
and low-affinity ATPase sites could not be independently
examined, and the validity of the proposed model could not
be rigorously tested. To further investigate the cooperative
function of the two kinds of ATPase sites in Lon and their
respective impact on the kinetics of peptide cleavage, we
monitored the ATPase and peptidase activities under limiting
nucleotide concentrations, where only the high-affinity ATP-
binding sites of Lon are occupied (Scheme 1). Under these
conditions, although multiple rounds of peptide hydrolysis
occur, the rate constant is 10-fold lower than that obtained
when both ATP-binding sites are occupied under saturating
levels of ATP. Dependent upon the level of ATP saturation,
Lon exhibits two distinct kinetic behaviors in its ATPase
sites, with optimal peptide hydrolysis occurring upon full
occupancy of ATP at both of the sites. Unexpectedly, ATP
hydrolysis at the high-affinity sites is stimulated by peptide

or protein substrates and is independent of nucleotide binding
at the low-affinity ATPase sites. Collectively, the data
obtained in this study reveal that peptide cleavage is not
stoichiometrically linked to ATP hydrolysis because multiple
rounds of peptide hydrolysis occur under conditions of
limiting ATP, where only the high-affinity sites are occupied.
We have also shown that the two ATPase sites hydrolyze
ATP at drastically different rates, which are seemingly
unaffected by ATP hydrolysis at the other site. The previ-
ously proposed reaction model (25) is therefore revised
accordingly to account for our currently observed data.

MATERIALS AND METHODS

Materials. ATP and casein was purchased from Sigma,
whereas [R-32P]ATP was purchased from Perkin-Elmer or
ICN Biomedical. Fmoc-protected amino acids, Boc-anthra-
nilamide (Abz), Fmoc-protected Lys Wang resin, andO-
benzotriazole-N,N,N′,N′-tetramethyl-uronium-hexafluoro-
phosphate (HBTU) were purchased from Advanced ChemTech
and NovaBiochem. Tris,N-2-hydroxyethylpiperazine-N′-
ethanesulfonic acid (HEPES), and polyethyleneimine-cel-
lulose (PEI-cellulose) thin-layer chromatography (TLC)
plates were purchased from Fisher.

General Methods.Peptide synthesis and protein purifica-
tion procedures were performed as described previously (24).
All enzyme concentrations were reported as Lon monomer
concentrations. All reagents are reported as final concentra-
tions.

Double-Filter-Binding Assay.For the high-affinity ATP
site binding experiment, 50 nM [R-32P]ATP was mixed with
0.005-6 µM Lon (27) in 15 µL of 50 mM HEPES at pH
8.0, 5 mM magnesium acetate [Mg(OAc)2], 75 mM potas-
sium acetate (KOAc), and 2 mM dithiothreitol (DTT). A total
of 3 µL of the reactions (performed in triplicate) was spotted
onto a piece of nitrocellulose mounted onto a dot-blot
apparatus (BioRad) with a piece of Immobilon Ny+ below
as described elsewhere (28, 29). All reactions were performed
at least in triplicate. Each spot was washed with 10µL of
cold reaction buffer 2 times. The radioactive counts at each
spot were quantified by PhosphorImaging using the Packard

Scheme 1: Enzyme Forms Associated with Various Concentrations of ATPa

a Form A is a free enzyme containing two different sets of ATPase sites that are represented by gray squares and circles. Form B is formed under
single-turnover conditions when only 500 nM ATP is present. The occupancy of ATP to an enzyme subunit is illustrated by the change in color
from gray to yellow. Form C represents the enzyme form where only the tight sites are occupied by ATP. Form D represents an enzyme form where
both the tight and weak sites are saturated with ATP.
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Cyclone storage phosphor system. The concentration of
bound was determined according to eq 1

where NCdlu is the radioactive count on the nitrocellulose
membrane and NYdlu

+ is the radioactive count on the
Immobilon Ny+ membrane. The binding parameters were
determined by fitting the data with eq 2 using the nonlinear
regression analysis program Prism (GraphPad) software
version 4

where [L] is the concentration of [R-32P]ATP, [R] is the
concentration of Lon, [RL] is the concentration of [R-32P]-
ATP bound to Lon, andKd is the equilibrium dissociation
constant for ATP bound at the high-affinity site.

Single-TurnoVer ATPase Assays.Single-turnover data for
ATP hydrolysis were measured as described elsewhere (23),
and all reactions were performed at least in triplicate. Briefly,
for the ATPase measurements, each reaction mixture (70µL)
contained 50 mM HEPES (pH 8.0), 75 mM KOAc, 5 mM
Mg(OAc)2, 5 mM DTT, and 5 or 6µM Lon monomer. For
the peptide-stimulated ATPase reactions, 500µM peptide
substrate (S2) was added to each reaction mixture and the
reactions were initiated by the addition of [R-32P]ATP.
Subsequently, 5µL aliquots were quenched in 10µL of 0.5
N formic acid at 12 time points (from 0 to 15 min). A 3µL
aliquot of the reaction was spotted directly onto a PEI-
cellulose TLC plate (10× 20 cm), and the plate developed
in 0.75 M potassium phosphate (KPi) buffer (pH 3.4).
Radiolabeled ADP was then quantified using the Packard
Cyclone storage phosphor screen Phosphor imager purchased
from Perkin-Elmer Life Science. To compensate for slight
variations in spotting volume, the concentration of the ADP
product obtained at each time point was corrected using an
internal reference as shown in eq 3

All assays were performed at least in triplicate, and the
kinetic parameters were determined by fitting the time-course
data with a single-exponential eq 4 using the nonlinear
regression program Prism (Graphpad) software version 4

wheret is time in seconds,Y is [ADP] in micromolar,A is
the amplitude in micromolar,kobsis the observed rate constant
in s-1, andC is the end point.

Peptidase Methods. Peptidase activity was monitored on
a Fluoromax 3 spectrofluorimeter (Horiba Group) as de-
scribed previously (22). Assays contained 50 mM HEPES
at pH 8.0, 75 mM KOAc, 5 mM DTT, 5 mM Mg(OAc)2, 1
mM S3 peptide (excitation at 320 nm and emission at 420
nm), 5 or 6µM Lon, and either ATP or adenylyl 5-imido-
diphosphate (AMPPNP) (0-100 µM).

Chemical-Quench ATPase ActiVity Assays.The acid-
quenched time courses for ATP hydrolysis were measured
using a rapid-chemical-quench-flow instrument from KinTek
Corporation as described by Vineyard et al. (25). All
solutions were made in 50 mM HEPES buffer at pH 8.0, 5
mM DTT, 5 mM Mg(OAc)2, and 75 mM KOAc. A 15µL
buffered solution of 6µM Lon monomer or 6µM Lon
preincubated with 6µM ATP, with and without 500µM S2
or 20 µM casein, was rapidly mixed with a 15µL buffered
solution of 100µM ATP containing 0.01% of [R-32P]ATP
at 37 °C for varying times (0-3 s). The reactions were
quenched with 0.5 N formic acid and then extracted with
200 µL 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 and treated as above.
All assays were performed at least in triplicate, and the
average of those traces was used for data analysis. The burst
amplitudes and burst rates were determined by fitting the
kobs 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 s-1, andC is the end point. The observed steady-
state rate constants (kss,ATP) were determined by fitting the
data from 600 ms to 3 s with the linear function,Y ) mX+
C, whereX is time, Y is [ADP]/[Lon], m is the observed
steady-state rate constant in s-1, and C is the y intercept.
Data fitting was accomplished using the nonlinear regression
program Prism (GraphPad) software version 4.

Tryptic Digestions.Tryptic digest reactions in mixtures
containing 6µM Lon, 50 mM HEPES (pH 8.0), 5 mM
magnesium acetate, 2 mM DTT,(500µM S2 peptide, and
either 1 mM ATP, 6µM ATP, or 500 nM ATP were started
by the addition of 1/50 (w/w) TPCK (N-p-tosyl-L-phenyl-
alanine chloromethyl ketone)-treated trypsin with respect to
Lon. At 0, 2, 4, 20, and 40 min, a 3µL reaction aliquot was
quenched in 3µg of soybean trypsin inhibitor (SBTI)
followed by boiling. The quenched reactions were then
resoved by 12.5% SDS-PAGE analysis and visualized with
Coomassie brilliant blue.

RESULTS

Examining Binding of the ATPase Sites in Lon.Although
E. coli Lon contains one ATP-binding domain in each of its
monomeric subunits, the existence of both a high- and low-
affinity ATP-binding site is evident in its oligomeric form
(25, 26). To verify the existence of two different ATPase
sites in Lon under our reaction conditions, we measured the
affinities of Lon for [R-32P]ATP using a filter-binding assay
adapted from the protocols of Jia et al. and Gilbert and
Mackey (27, 28) and Wong and Lohman (29). The half-life
of the complex, where ATP is bound at the low-affinity sites,
can be calculated using the off rate of ATP (Vineyard, D.,
and Lee, I., manuscript in preparation). Because the half-
life is on a millisecond time scale, the filter-binding assay
is not an appropriate method for detecting the affinity of
ATP to the low-affinity site. However, the binding to this
site has previously been determined under our reaction
conditions using steady-state kinetic methods (22), and the
resulting affinity agreed with the published value of 10µM

[bound]) ( NCdlu

NCdlu + NYdlu
+ )[[R-32P]ATP] (1)

[RL] )

([R] + [L] + Kd) - x([R] + [L] + Kd)
2 - 4[R][L]

2[L]
(2)

[ADP] ) ( ADPdlu

ATPdlu + ADPdlu
) × [ATP] (3)

Y ) A exp-kobst + C (4)

Y ) A exp-kburstt + C (5)
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by Menon and Goldberg (26). The equilibrium dissociation
constant for the high-affinity site was never specifically
determined because of the limit of detection of the previous
assays (Kd < 1µM) (26). Therefore, we utilized the filter-
binding assay to better define the binding affinity of Lon to
the high-affinity ATPase site.

To probe the high-affinity site, 50 nM [R-32P]ATP was
incubated with varying amounts of Lon and the resulting
Lon/[R-32P]ATP complex was immobilized onto a nitro-
cellulose membrane, whereas unbound [R-32P]ATP was
trapped by a positively charged nylon membrane placed
directly below the nitrocellulose filter. The concentration of
Lon was varied rather than [R-32P]ATP to eliminate the high
background generated when the concentration of [R-32P]ATP
is increased because the concentration Lon is held constant
in the nanomolar range. A binding isotherm of the high-
affinity ATP site in Lon was generated by quantifying the
amount of32P immobilized onto the nitrocellulose versus
the nylon membrane as described in the Materials and
Methods. As shown in Figure 1, the binding of ATP at the
high-affinity site was detected with aKd value of 0.52(
0.096µM. Control experiments were performed to ensure
that no [R-32P]ATP hydrolysis was occurring under the
reaction conditions (data not shown). These results are
consistent with the earlier observation reported by Menon
and Goldberg (26) that Lon contains two affinities for ATP,
which differ from one another by approximately 10-fold.

Examining ActiVity of the High-Affinity ATPase Sites of
Lon. Kinetic analyses performed under pseudo-first-order
conditions, where ATP is in excess over the enzyme
concentration, have revealed an apparent functional asym-
metry in the ATPase sites (25). We examined the ATPase
activity of the high- and low-affinity sites independently of
one another by manipulating the concentration of nucleotide
such that either just the high-affinity sites or both sets of
sites were occupied. To monitor the ATPase activity at the
high-affinity sites of Lon, single-turnover experiments were
employed. When the concentrations of the reactants are
adjusted such that the Lon concentration (5µM) is in excess
over limiting ATP (500 nM), only the high-affinity sites are

occupied by the nucleotide (Kd ) 0.52 µM, see above).
Enzyme forms A-D (Scheme 1) represent different ATP-
bound states of Lon under the various reaction conditions
used in this study. The proposed enzyme form under limiting
ATP conditions is shown as the enzyme form B in Scheme
1 (17); thus, we can selectively monitor ATP hydrolysis at
only the high-affinity sites. The inset of Figure 2 shows the
hydrolysis of ATP at the high-affinity sites as Lon is
increased (5, 7, and 10µM). The observed rate constants
range from 0.006 to 0.007 s-1 with a standard deviation of
less than 0.8%. Because the rate constants are identical, the
binding of ATP is not rate-limiting under the single-turnover
reaction conditions employed in the experiment. Furthermore,
as shown in Figure 2, the presence of the S2 peptide does
not influence ATP hydrolysis at the high-affinity sites
because the rate constant for the reaction is 0.006( 0.0004
and 0.007( 0.0003 s-1 in the absence and presence of a
saturating amount of S2 (500µM), respectively. This is
consistent with our previous observation that the burst rate
constant associated with ATP hydrolysis under pseudo-first-
order conditions was not affected by the presence of the S2
peptide (25). The rate constant for S2-stimulated ATP
hydrolysis at the high-affinity sites under single-turnover
conditions (kobs ) 0.007( 0.0003 s-1), however, is consider-
ably slower than the burst rate obtained when ATP was in
excess over the enzyme concentration (kburst ) 11.3 ( 3.3
s-1) (25). These two experiments differ only by the oc-
cupancy of ATP at the low-affinity sites. This implies that,
although one ATP-binding site exists per monomer, two
functionally distinct ATPase sites are evident in the homo-
oligomeric form of Lon.

Because the hydrolysis at the high-affinity ATPase sites
is minimal and ATP hydrolysis is required for optimal
peptide cleavage (23), we questioned whether the catalytic
efficiency of S3 cleavage is coupled with ATP hydrolysis

FIGURE 1: Determining the Kd for the high-affinity ATPase site in
E. coli Lon using an adapted filter-binding assay. To monitor the
binding of [R-32P]ATP to only the high-affinity site, various
concentrations of Lon (0.005-6 µM) were incubated with 50 nM
[R-32P]ATP at 4°C. The amount of the Lon/[R-32P]ATP complex
formed was quantified by PhosphorImaging of the nitrocellulose
membrane, and the free [R-32P]ATP was quantified by Phospho-
rImaging of the positively charged Immobilon Ny+ membrane. The
amount of (bound) complex (2) was calculated as described in the
Materials and Methods, and the generated data were fit using a
binding isotherm (eq 2). The resultingKd value was 0.52( 0.096
µM for the high-affinity site.

FIGURE 2: Pre-steady-state time courses of ATPase activity ofE.
coli Lon under single-turnover conditions. The time courses for
ATP hydrolysis at the high-affinity sites were determined by
incubating 5µM Lon with 500 nM [R-32P]ATP in the absence (9)
and presence (2) of 500 µM S2 peptide. The reactions were
quenched with acid at the indicated times, and the concentrations
of [R-32P]ADP were determined by TLC followed by Phospho-
rImaging. Thekobs values were determined by fitting the time
courses using a single-exponential equation as described in the
Materials and Methods, yielding observed rate constants of 0.006
( 0.004 and 0.007( 0.003 s-1 in the absence and presence of the
S2 peptide, respectively. The inset shows time courses for 500 nM
[R-32P]ATP hydrolysis at the high-affinity sites in the presence of
500 µM S2 peptide at increasing concentrations of Lon: 5µM
(2), 7 µM ([), and 10µM (0). Thekobs values were determined
by fitting the time courses using a single-exponential equation as
described in the Materials and Methods, yielding observed rate
constants of 0.007( 0.001, 0.007( 0.001, and 0.006( 0.001
s-1, respectively.
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at the high-affinity sites. To address this issue, we monitored
the kinetics of S3 cleavage under single-turnover conditions,
where ATP is limiting (5µM Lon, 500 nM ATP, and 1 mM
S3). Under these conditions, the predominant enzyme form
is homo-oligomeric Lon, with ATP bound only at the high-
affinity sites (enzyme form B in Scheme 1). As shown in
Figure 3, although the rate constant for S3 cleavage at
limiting ATP concentrations (Table 1,kobs,S3) 0.32 s-1) is
slower than with saturating ATP, enzyme form D in Scheme
1 (Table 1,kobs,S3) 2.69 s-1), Lon is undergoing multiple
rounds of peptide cleavage with only limiting amounts of
ATP. Because no peptide hydrolysis occurs in the presence
of limiting amounts of the nonhydrolyzable ATP analogue,
AMPPNP, (Figure 3) at least one molecule of ATP must be
hydrolyzed for peptide cleavage to occur under these
conditions. Although, nonstoichiometric processing of ATP
and the S3 peptide is observed under saturating (100µM)
ATP conditions, the single-turnover data much more clearly
demonstrate that ATP and peptide hydrolysis are not
stoichiometric. As previously reported and shown here in
Figure 3 for a comparison to the limiting nucleotide
conditions, saturating amounts of AMPPNP (100µM)
support S3 hydrolysis at a lower rate than under saturating
ATP conditions (100µM; Table 1) (22). In this case,
saturating AMPPNP most likely supports slow peptide
hydrolysis because its binding at the low-affinity sites in
addition to not generating ADP from the lack of hydrolysis
is sufficient to lock Lon into an active conformation (22).

Binding and Hydrolysis of ATP at the Tight Sites Are
Independent of Nucleotide Binding and Hydrolysis at the
Weak Sites.To further probe the functional nonequivalency
of the two ATPase sites, the activity of each site was
monitored independently of the other using radiolabeled ATP
as a selective probe. Because theKd for binding ATP at the
high-affinity sites was 0.52( 0.096µM, the single-turnover
experimental conditions employed above were not sufficient
to saturate those sites. To detect the full effect of ATP
hydrolysis when the high-affinity sites were fully occupied,

the concentration of [R-32P]ATP was raised to approximately
10-fold excess of theKd (6 µM), which is stoichiometric to
the amount of Lon in the reaction. Shown as enzyme form
C in Scheme 1, under these conditions, it is assumed that
the high-affinity sites are saturated and the low-affinity sites
are left unoccupied.

The experiment shown in Figure 4 shows the effect on
ATP hydrolysis at the high-affinity sites when the low-
affinity sites were subsequently occupied with unlabeled
nucleotide. To accomplish this, ATP hydrolysis was mea-
sured at the high-affinity sites under stoichiometric [R-32P]-
ATP/Lon conditions (enzyme form C in Scheme 1), while
saturating (100µM) unlabeled ATP was subsequently added
or chased to occupy the weak-affinity sites 1 min into the
reaction (enzyme form D in Scheme 1). When the experiment
is performed in this manner, the hydrolysis at the high-
affinity sites can be monitored for the first half-life of the
reaction and then the effect of nucleotide occupation at the
low-affinity sites on this hydrolysis can subsequently be seen.
To ensure that 60 s was an appropriate time to add saturating
nucleotide, a control experiment was done where the
saturating nucleotide was added at 10 s and no difference
was noted (data not shown). The rate constants associated
with the hydrolysis of [R-32P]ATP at the high-affinity sites
alone as well as after subsequent occupation of the low-
affinity sites with nucleotide are summarized in Table 2.
These experiments were performed in both the presence (S2
stimulated) and absence (intrinsic) of the S2 peptide substrate
to account for effects of any interaction between the ATPase

FIGURE 3: S3 hydrolysis byE. coli Lon under limiting nucleotide
conditions. The 5µM Lon monomer was incubated with 1 mM S3
peptide in the presence of 0, 0.5, and 100µM ATP and 0.5 and
100 µM AMPPNP. The fluorescence changes associated with
peptide cleavage were converted to product concentrations as
described in the Materials and Methods. Thekobsvalues associated
with each trace are summarized in Table 1.

Table 1: Rate Constants Associated with Peptidase Activity

[nucleotide] (µM) kobs,S3(s-1)

limiting ATP 0.5 0.32( 0.07
stoichiometric ATP 5 1.52( 0.05
saturating ATP 100 2.69( 0.30
saturating AMPPNP 100 0.96( 0.08

FIGURE 4: RepresentativeE. coli Lon time courses of ATP
hydrolysis at the high-affinity sites. [R-32P]ATP (6 µM) was
incubated with 6µM monomeric Lon in the absence (9) or presence
(2) of 500µM S2 peptide and quenched with acid at varying time
points. To see the effect of nucleotide occupation at the low-affinity
sites on the high-affinity site ATP hydrolysis, 100µM ATP was
added at 1 half-life into the reaction 60 s in both the absence (1)
and presence ([) of 500µM S2 peptide to saturate the low-affinity
ATPase sites. The time of addition of the 100µM ATP in traces1
and[ is indicated by the arrow. As described in the Materials and
Methods, the time courses were fit using the equationY ) A
exp(-kobs,ATPt) + C, whereA is the amplitude,kobs,ATPis the observed
rate constant, andC is the endpoint. The resulting rate constants
are summarized in Table 2. The time points reported are an average
of at least three different trials.

Table 2: Rate Constants Associated with High-Affinity Site ATPase
Activity

intrinsic
kobs,ATP(s-1)

S2 stimulated
kobs,ATP(s-1)

stoichiometric ATP 0.011( 0.001 0.019( 0.002
100µM ATP chase 0.012( 0.001 0.017( 0.001
100µM AMPPNP chase 0.010( 0.001 0.014( 0.001
100µM ADP chase 0.015( 0.001 0.017( 0.001
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and peptidase activities. As illustrated in Table 2, the
observed rate constant for ATP hydrolysis at the high-affinity
sites was unaffected by the occupation of the low-affinity
sites 60 s into the reaction with ATP (Figure 4), AMPPNP
(figure not shown), or ADP (figure not shown). Because both
a nonhydrolyzable ATP analogue (AMPPNP) and a product
inhibitor (ADP) were also tested, these data indicate that ATP
hydrolysis at the high-affinity sites is independent of ATP
binding and/or hydrolysis at the low-affinity sites. The rate
constant for ATP hydrolysis at the high-affinity sites was
slightly faster in the presence of the S2 peptide (Table 2)
and casein (data not shown), thus suggesting that com-
munication occurs as a result of the peptide or protein
interacting with the high-affinity ATPase site of Lon.

Peptide and Protein Substrates Stimulate ATP Hydrolysis
at the High-Affinity Sites.In the previous experiment, which
was depicted in Figure 4 for ATP, 100µM AMPPNP, ATP,
and ADP did not compete out the [R-32P]ATP bound at the
high-affinity sites because the amplitudes of the time courses
were unaffected. The converse experiment could then be
employed to monitor ATP hydrolysis at the low-affinity sites.
In this experiment, Lon (6µM) was preincubated with a
stoichiometric amount of unlabeled ATP (6µM; enzyme
form C in Scheme 1). During this preincubation, only the
high-affinity sites are occupied with unlabeled ATP, which
was hydrolyzed to ADP that remains bound at the high-
affinity sites. As such, the subsequent hydrolysis of 100µM
[R-32P]ATP by Lon would directly reflect the ATPase activity
at the low-affinity sites. To ensure that the ATP hydrolysis
at the high-affinity sites, which occurred during the prein-
cubation, was not necessary, the experiment was also
performed where Lon (6µM) was preincubated with ADP
(6 µM) and the traces were identical (data not shown). Figure
5 shows the hydrolysis of [R-32P]ATP at the low-affinity sites

when the high-affinity sites are occupied by unlabeled ADP
(2). Hydrolysis of [R-32P]ATP at the low-affinity sites
exhibited an initial burst in [R-32P]ADP production, which
when fit using eq 6 from the Materials and Methods, yielded
an observed burst rate constant of 17.2( 0.09 s-1 (2), which
is comparable to the value of 15.9( 0.07 s-1 (9), where
both the high- and low-affinity sites are contributing. As
expected, the rate constant obtained here, 15.9( 0.07 s-1

(9), agrees well with the previously determined value of 11.3
( 3.3 s-1 (25). The pre-steady-state time course showing
the hydrolysis of ATP at only the low-affinity ATPase sites
(2) mirrored the pre-steady-state time course reflecting
activity at both sites (9). This would imply that the pre-
steady-state burst in ADP production is coming from only
the low-affinity ATPase sites. As noted in the previous
publication, the ATPase burst activity of Lon is unusual
because it shows half-burst amplitude and the time course
is triphasic (25). The triphasic time course showed a burst
in ADP production followed by an intermediate slow phase,
and then steady-state ATP turnover occurs. The time courses,
therefore, cannot be fit using the classical burst equation
because of the intermediate slow phase. As described in the
Materials and Methods, the time courses are instead split
into the pre-steady-state burst phase, which is fit using a
single-exponential equation, and a linear steady-state phase.

The kinetics of each site has been monitored in the
presence and absence of nucleotide occupation at the other
site, and the occupancy of ADP at the high-affinity sites does
not affect ATP hydrolysis at the low-affinity sites. Therefore,
we have now demonstrated that the ATPase sites hydrolyze
ATP independently of one another and the rate of ATP
hydrolysis at the high-affinity sites is much slower. This
behavior explains the triphasic time courses observed in the
pseudo-first-order experiments as well as the independence
of the burst rate constant on the concentration of ATP, which
have been previously noted (25). Taken together with the
pre-steady-state characterization of peptide cleavage deter-
mined previously, we conclude that ATP hydrolysis occurs
at the low-affinity sites prior to S3 cleavage.

Interestingly, there is an observed 4-fold stimulation in
the steady-state rate in the presence of S2 peptide (Figure
5) or the unstructured protein substrate casein (30, 31; data
not shown). This is consistent with the stimulation observed
in the kcat for ATPase activity (23), but it is only observed
when the high-affinity sites are not occupied by ADP (Figure
4, kss,ATP) 0.40( 0.021 s-1, 9; kss,ATP) 0.11( 0.014 s-1,
2). This supports the implication that, although the hydrolysis
at the high-affinity sites is unaffected by nucleotide occupa-
tion at the low-affinity sites, it is affected by the presence
of the peptide or protein substrate.

Optimal Peptidase ActiVity Requires ATP Binding and
Hydrolysis at Both Sites.Communication occurring between
the high-affinity ATPase sites and the S2 peptide or protein
substrate has been suggested by the experiments performed
above. Therefore, the catalytic efficiency of S3 cleavage was
examined under stoichiometric Lon/ATP conditions as well
(enzyme form C in Scheme 1). The kinetics of S3 cleavage
were monitored under conditions where the high-affinity sites
were saturated with ATP (5µM Lon, 5 µM ATP, and 1 mM
S3), and the proposed enzyme form is shown in Scheme 1.
The rate constants for peptide hydrolysis under these
conditions are summarized in Table 1. Because the rate at

FIGURE 5: E. coli Lon pre-steady-state chemical-quenched time
courses of ATP hydrolysis at the low-affinity sites. [R-32P]ATP
(100µM) was incubated with 6µM monomeric Lon (9) or 6 µM
monomeric Lon preincubated with 6µM ATP (2) in the presence
of 500µM S2 peptide as described in the Materials and Methods.
The preincubation of 6µM Lon with 6 µM ATP presumably
resulted in 6µM Lon/6 µM ADP, where the high-affinity ATPase
sites were saturated. The reactions were quenched with acid at the
indicated times, and the concentrations of [R-32P]ADP generated
in the reactions were determined by TLC followed by Phospho-
rImaging. The time courses from 0 to 400 ms were fit with the
equationY ) A exp(-kburstt) + C, whereA is the burst amplitude,
kburst is the observed burst rate constant, andC is the endpoint. The
resultingkburst for Lon (9) was 15.9( 0.07 s-1, and the resulting
kburst for 1 Lon/1 ADP (2) was 17.2( 0.09 s-1. Thekss,ATPvalues
were obtained by fitting the time courses from 600 ms to 3 s with
a linear function and dividing the slope by the [Lon] in the reaction
and were 0.40( 0.021 s-1 for Lon (9) and 0.11( 0.014 s-1 for
1 Lon/1 ADP (2). The time points reported here are an average of
at least three different trials.
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100 µM ATP (enzyme form D in Scheme 1) is faster than
at 5 µM ATP (enzyme form C in Scheme 1), both ATPase
sites are contributing to the peptidase activity. Optimal
peptide degradation is consequently recovered by the low-
affinity site ATPase activity. This means that the maximal
rate of peptide degradation is attained only when both the
high- and low-affinity sites are saturated with ATP. Because
peptidase activity is slower in the presence of the non-
hydrolyzable analogue, AMPPNP, ATP binding as well as
hydrolysis at the low-affinity sites are a necessity for optimal
peptidase activity.

Tryptic Digest Probes the Conformational Change As-
sociated with ATP Binding.Previously (23), we utilized
limited tryptic digestion to probe the functional role of
nucleotide binding to Lon. We detected an adenine-specific
conformational change at saturating amounts of nucleotide.
Although the digestion yielded a pattern of bands ranging
in size from 7 to 67 kDa, the adenine-specific conformational
change was monitored primarily by the detection of a stable
67 kDa fragment. When sequenced, the 67 kDa fragment
included all domains of Lon (ATPase, SSD, and peptidase),
except the amino-terminal region. Of all of the nucleotides
tested in that study, ATP was shown to be the best activator
of the peptidase activity of Lon. Therefore, it was concluded
that the adenine-specific conformational change contributed
to maintaining the optimal catalytic efficiency of S3 cleavage.

In light of the detection of functional nonequivalency in
the ATP binding and hydrolysis activity in Lon, in this study,
we questioned whether the previously observed conforma-
tional change upon nucleotide binding could be assigned to
a specific interaction between ATP with either the high- or
low-affinity ATPase sites in Lon. To address this issue, we
subjected 6µM Lon to limited tryptic digestion in the
presence of limiting (500 nM; enzyme form B in Scheme
1), stoichiometric (6µM; enzyme form C in Scheme 1), and
excess (1 mM) amounts of ATP (enzyme form D in Scheme
1) to see the effect on the stability of the adenine-specific
conformational change when one or both ATPase sites were
occupied. On the basis of the twoKd values of ATP, we
anticipated that only the tight sites of Lon were occupied by
ATP in the first two cases. Figure 6 shows the Lon fragments
generated over increasing time in the presence of the S2
peptide under conditions of no nucleotide (lanes 2-5),
limiting (500 nM) ATP (lanes 6-9), stoichiometric (6µM)

ATP (lanes 10-12), and saturating (1 mM) ATP (lanes 13-
15). The digest pattern was identical in the absence of the
S2 peptide (data not shown). In accordance with what was
previously observed, limited tryptic digestion of Lon in the
presence of ATP yields fragments varying from 23 to 67
kDa. As indicated by these data, the 67 kDa fragment is
substantially stabilized only by full occupation of the low-
affinity ATP sites. Because binding and hydrolysis of ATP
at all ATPase sites are also necessary for optimal peptidase
activity in Lon, a correlation between this adenine-specific
conformational change and accessibility for peptide cleavage
could exist.

DISCUSSION

In this study, we utilized kinetic techniques to better
understand the function of the two nonequivalent ATPase
sites inE. coli Lon protease and their coordination with the
protease activity of the enzyme. Despite being a homo-
oligomer, with one ATP-binding site per monomer, Lon
contains two types of ATPase sites that are functionally or
kinetically distinct from one another. As such, the kinetic
characterization of the activities of the ATPase sites is
imperative because they are structurally indistinguishable.
The experiments represented in Figure 4 demonstrate that
ATP hydrolysis at the high-affinity site is unaffected by the
occupation of nucleotide at the low-affinity site, while the
experiments exemplified in Figure 5 show that hydrolysis
of ATP at the low-affinity site is unaffected by the occupation
of nucleotide at the high-affinity site. Therefore, the kinetic
data support the conclusion that the two ATPase sites are
functioning independent of the other. Our kinetic experiments
have also allowed us to examine the coupling of the ATPase
and peptidase activities of Lon protease, which are not yet
fully understood. Mechanistic studies of other enzymes
including Rho protein (32, 33), multidrug-resistance-associ-
ated protein (MRP1) (34), P-glycoprotein (PGP) (35), F1-
ATPase (36), Na+/K+ ATPase (37), topoisomerase II (38,
39), and Rep helicase (40) have also revealed the functional
roles of multiple ATPase sites.

Previously, this lab has constructed a minimal kinetic
model to account for the ATP-dependent S3 cleavage by Lon
using steady-state kinetics (22). Although this model was
constructed assuming monomeric Lon subunits had equiva-
lent ATPase activity, the order of events has been confirmed

FIGURE 6: Limited tryptic digestion of Lon in the presence of varying amounts of ATP. Lon in the presence of 500µM S2 peptide was
digested with a limiting amount of trypsin and quenched at the indicated times with SBTI as described in the Materials and Methods. The
first lane shows the molecular markers in kilodaltons (from top to bottom): 172, 110, 79, 62, 48, 37, 24, and 19.
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by our current pre-steady-state kinetic studies. This minimal
kinetic model predicted ATP hydrolysis to occur prior to
peptide cleavage. Current as well as previous pre-steady-
state kinetic studies (25) are consistent with this model
becauseE. coli Lon exhibits lag kinetics in the degradation
of the model peptide (S3) and burst kinetics in ATP
hydrolysis. The burst kinetics indicate a rapid buildup of a
reaction intermediate with a rate-limiting step following
chemistry in the reaction pathway, while the lag kinetics for
S3 peptide degradation are consistent with a need for an
accumulation of a reaction intermediate prior to peptide
hydrolysis. The burst kinetics for ATP hydrolysis demon-
strated triphasic behavior, where only 50% of the Lon
monomer was hydrolyzed in the duration of the lag in
peptidase activity. Although this unusual behavior suggested
the contribution of two ATPase activities, it could not
separate the two.

The present study has confirmed the existence of two
ATPase sites in Lon and that their activities are independent
of one another. We have now demonstrated with additional
pre-steady-state experiments that the ATP bound to the low-
affinity sites is hydrolyzed during the lag in peptide cleavage
with a burst rate constant of 17.2( 0.09 s-1. The peptide is
concomitantly cleaved with a rate constant of 2.69( 0.30
s-1, while the ATP bound at the high-affinity sites is slowly
being hydrolyzed with an observed rate constant of 0.019(
0.002 s-1. The previously determined minimal kinetic model
also predicted a Lon/ATP-bound “F” form of the enzyme
following peptide cleavage, which could undergo multiple
rounds of peptide hydrolysis before reverting back to the
free enzyme (22). This is consistent with our data in Figure
3, which demostrate that peptide and ATP hydrolysis are
not stoichiometrically linked. It is still not clear how the
enzyme turns over once it reaches the “F” form. Our revised
mechanism for the ATPase activity in Lon predicts that the
two ATPase sites are hydrolyzing ATP sequentially but are
not communicating. However, binding and hydrolysis of ATP
at both the high- and low-affinity ATPase sites are necessary
for optimal peptide or protein degradation. The energy
generated from ATP hydrolysis at the low-affinity sites could
be used to translocate the protein substrate or may be used
to induce a conformational change in the oligomer that
facilitates protein cleavage. Therefore, the development of
an effective continuous assay to measure protein degradation
is currently underway to determine how the high- and low-
affinity ATPase sites are contributing to protease activity.

Because the protease activity is ultimately limited by
turnover of ATP hydrolysis, further kinetic characterization
needs to be performed to delineate the ATPase mechanism.
We and others (4) have previously suggested that ADP
release was the rate-limiting step along the reaction pathway
because it is a potent inhibitor of peptidase activity (Ki,ADP

) 0.3 µM) (22). The burst kinetics associated with ATP
hydrolysis would be consistent with this, because they
indicated that a step following chemistry is rate-limiting.
However, the rapid-quench experiment shown in Figure 5
showed that ATP did not compete out ADP bound to the
high-affinity sites of Lon, suggesting that ADP is perhaps
only inhibiting at the high-affinity sites. Experiments to
determine other microscopic rate constants along the ATPase
reaction pathway including ADP release are currently
underway to determine the rate-limiting step of the reaction.
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