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ABSTRACT: Lon is an oligomeric serine protease whose proteolytic activity is mediated by ATP hydrolysis.
Although each monomeric subunit has an identical sequence, Lon contains two types of ATPase sites
that hydrolyze ATP at drastically different rates. The catalytic low-affinity sites display pre-steady-state
burst kinetics and hydrolyze ATP prior to peptide cleavage. The high-affinity sites are able to hydrolyze
ATP at a very slow rate. By utilizing the differingKd’s, the high-affinity site can be blocked with unlabeled
nucleotide while the activity at the low-affinity site is monitored. Little kinetic data are available that
describe microscopic events along the reaction pathway of Lon. In this study we utilize MANT-ATP, a
fluorescent analogue of ATP, to monitor the rate constants for binding of ATP as well as the release of
ADP from Escherichia coliLon protease. All of the adenine nucleotides tested bound to Lon on the order
of 105 M-1 s-1, and the previously proposed conformational change associated with nucleotide binding
was also detected. On the basis of the data obtained in this study we propose that the rate of ADP release
is slightly different for the two ATPase sites. As the model peptide substrate [S2; YRGITCSGRQK(Bz)]
[Thomas-Wohlever, J., and Lee, I. (2002)Biochemistry 41, 9418-9425] or the protein substrate casein
affects only the steady-state ATPase activity of the low-affinity sites, we propose that Lon adopts a different
form after its first turnover as an ATP-dependent protease. Based on the obtained rate constants, a revised
kinetic model is presented for ATPase activity in Lon protease in both the absence and presence of the
model peptide substrate (S2).

Lon protease belongs to the AAA+ superfamily of
ATPases because, like the other members (ClpXP, ClpAP,
ClpCP, HslUV), its proteolytic activity is mediated by ATP
hydrolysis (1-10). This family is based on multiple sequence
alignments which define a common ATPase module and
encompasses a broader range of proteins than the traditional
AAA proteins (ATPasesassociated with diverse cellular
activities) which are a subfamily of the Walker-type NTPases
(11, 12). Lon protease is distributed throughout the cytosol
in prokaryotic cells while in eukaryotic cells it is localized
to the mitochondria (5, 8, 13). Unlike the other members of
the superfamily which consist of separate regulatory and
proteolytic subunits, the lon gene encodes a single polypep-
tide subunit containing both the protease and ATPase
domains (12). The subunits in Lon are organized into an
oligomer shown in recently published partial crystal struc-
tures as a hexamer (14, 15). The oligomerization of Lon
results in a ring formation with a central cavity and is not
dependent on ATP binding or hydrolysis (16, 17).

Aside from the general interest surrounding Lon due to
its unique coordination of ATPase activity with proteolytic
function, Lon has been shown to be important in maintaining
the virulence of various strains of pathogenic bacteria
including Salmonella entericaserovar Typhimurium (18-

20), Brucella abortus(21), andPseudomonas syringae(22).
However, the details surrounding the specific role of Lon in
bacterial virulence are not clearly defined. A comprehensive
understanding of the kinetic mechanism of Lon protease
could prove useful in the future for targeting specific
homologues with inhibitors. Because the protease and
ATPase activity of Lon are inevitably intertwined, a clear
understanding of the role of ATP hydrolysis activity in the
enzyme is necessary.

The broadly defined in vivo function of Lon includes
degrading misfolded or damaged proteins as well as short-
lived regulatory proteins (4, 7, 9). Few physiological
substrates of Lon have been identified because the substrate
specificity is not well understood. One known substrate of
the Escherichia coliLon homologue is theλN protein (7,
23). We have previously developed a small fluorescent
peptide mimic of theλ N protein containing a single cleavage
site (S3;1 comprised of 10% fluorescent S1 peptide and 90%
S2, the nonfluorescent analogue of S1) in order to easily
monitor the kinetics of theE. coli Lon system (24, 25).
Although it is known that ATP mediates the protease activity
in Lon, little definitive evidence exists for the timing of
events and kinetic coordination of the two activities. Lon is
known to bind to ADP with higher affinity than ATP, and
the ATPase as well as peptidase activities of Lon are
inhibited by ADP (25, 26). Nonhydrolyzable analogues of
ATP such as AMPPNP, which do not generate ADP, also
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support Lon-mediated peptide cleavage with reduced catalytic
efficiency (24). Although many observations have been
made, it is not clear precisely how ADP release contributes
to the catalytic mechanism of Lon. Using pre-steady-state
kinetic methods, we have determined that there is a burst of
ATP hydrolysis activity prior to the turnover of peptidase
activity (27). The burst activity indicates that a step following
ATP hydrolysis is rate limiting. This would be consistent
with ADP release being rate limiting. The pre-steady-state
ATPase activity was unusual because it displayed half-site
reactivity, presumably due to the existence of two ATPase
sites in Lon [Kd,high affinity ) 0.52µM (26, 27), Kd,low affinity )
10µM (26)]. The two ATPase sites are a result of monomeric
subunits having different ATPase behavior in the oligomeric
form of Lon, but they could not be distinguished structurally
because only one identical sequence for an ATPase motif
exists in each monomeric subunit. Therefore, kinetic studies
to further investigate the differences in the activities of the
high- and low-affinity ATPase sites in Lon protease were
performed (28). The experiments presented in this referenced
study capitalized on the differing affinities of the two sites.
By manipulating the concentration of ATP present, the
activity of the high- and low-affinity sites could be monitored
separately. The results showed that at stoichiometric con-
centrations of Lon and ATP (6µM Lon, 6 µM ATP) the
high-affinity sites were slowly processing ATP at 0.01 s-1.
Although a previously published pulse-chase experiment
already confirmed that only one set of sites was responsible
for the pre-steady-state burst (27), we examined the low-
affinity ATPase sites by blocking the high-affinity ATPase
sites with stoichiometric amounts of unlabeled nucleotide.
The low-affinity sites hydrolyzed ATP faster (17 s-1) than
the high-affinity sites and were found to be solely responsible
for the pre-steady-state burst in ATPase activity. The activity
of each site apparently had no effect on the other’s activity.
Typically, a 2-5-fold stimulation of steady-state ATPase
activity is observed in the presence of peptide or protein
substrate (5, 25, 29). Interestingly, this stimulation was lost
if the high-affinity ATPase sites were blocked with stoichio-
metric amounts of ATP, suggesting that the peptide substrate
stimulates steady-state ATP hydrolysis at the high-affinity
sites. However, given the information gleaned from the
present study, the high-affinity sites seem to essentially be
noncatalytic. So the reduced steady-state activity noted in
the past study was more likely a result of ADP product
inhibition of the low-affinity sites, rather than the peptide

not being able to stimulate activity of the low-affinity ATPase
sites.

These previous pre-steady-state kinetic studies ofE. coli
Lon protease have only addressed the hydrolysis portions
of the ATPase mechanism at the high- and low-affinity sites
(27, 28). In the present study the rate of ATP binding and
ADP release from the two ATPase sites was investigated in
order to achieve a better understanding of the overall kinetic
mechanism. We used the fluorescent 2′- (or 3′-) O-(N-
methylanthraniloyl) (MANT) nucleotide analogues to ac-
complish this goal. In order to use this analogue, MANT-
ATP was first shown to support S3 peptide hydrolysis, induce
a conformational change, and be hydrolyzed byE. coli Lon
protease comparably to ATP. The on rate of binding to the
high- and low-affinity ATPase sites was measured and found
to be on the order of 105 M-1 s-1. A conformational change
upon nucleotide binding was also detected, confirming
previous hypotheses (30). The off rate of ADP, however,
differed slightly for each of the ATPase sites, and although
this step was proposed to be rate limiting in steady-state
studies, ADP release only limited the low-affinity ATPase
turnover. Because S2 peptide affected none of the pre-steady-
state rate constants, we propose a novel enzyme form that
exists after the first round of cleavage which undergoes
catalytic ATPase turnover in the presence of peptide. We
therefore revise our current kinetic model to accommodate
the newly obtained results.

MATERIALS AND METHODS

Materials.Nucleotides were purchased from Sigma or ICN
Biomedical. PNPase and 7-MEG were purchased from
Sigma. Fmoc-protected amino acids, Boc-Abz, Fmoc-
protected Lys Wang resin, and HBTU were purchased from
Advanced ChemTech and Nova Biochem. Tris, HEPES,
SBTI, and TPCK-treated trypsin were purchased from Fisher.
MANT-AMPPNP and MDCC were purchased from Molec-
ular Probes. Cloning reagents were purchased from Promega,
New England BioLabs Inc., Invitrogen, and USB Corpora-
tions. Oligonucleotides were purchased from Integrated DNA
Technologies Inc.

General Methods.Peptide synthesis and protein purifica-
tion procedures were performed as described previously (24).
Synthesis of MANT-ATP and MANT-ADP was performed
as described previously (31, 32). All enzyme concentrations
were reported as Lon monomer concentrations. All reagents
are reported as final concentrations. Unless otherwise stated
all experiments were performed at 37°C.

Cloning and Purification of Phosphate Binding Protein
(PBP).The phosphate binding protein (PBP) gene with the
attached phoS signal sequence was amplified from genomic
DNA of the DH5R strain ofE. coli using the forward primer
5-GGAATTCCATATGAAAGTTATGCGTACC-3′ and the
reverse primer 5′-CCCAAGCTTTTATTAGTACAGCGG-
3′. An A197C mutation was then introduced using PCR
primer site-directed mutagenesis and the additional forward
primer 5′-GTTGAATATTGTTACGCGAAG-3′ and reverse
primer 5′-CCTCGCGTAACAATATTCAAC-3′. The result-
ing product was cloned into theHindIII and NdeI sites of
the pET-24c(+) vector and the resulting plasmid named
pHF019. This subcloned phosphate binding protein fromE.
coli DH5R contained one residue (Y306F) which differed

1 Abbreviations: AMPPNP, adenylyl 5-imidodiphosphate; DTT,
dithiothreitol; Abz, anthranilamide; Bz, benzoic acid amide; HBTU,
O-benzotriazoleN,N,N′,N′-tetramethyluronium hexafluorophosphate;
HEPES,N-(2-hydroxyethyl)piperazine-N′-2-ethanesulfonic acid; Tris,
2-amino-2-(hydroxymethyl)-1,3-propanediol; KPi, potassium phosphate;
Mg(OAc)2, magnesium acetate; KOAc, potassium acetate; SBTI,
soybean trypsin inhibitor; PEI-cellulose, polyethylenimine-cellulose;
PBP, phosphate binding protein; MDCC, 7-diethylamino-3-[[[(2-
maleimidyl)ethyl]amino]carbonyl]coumarin; MDCC-PBP, A197C mu-
tant of PBP labeled with MDCC; MANT, 2′- (or 3′-) O-(N-
methylanthraniloyl); PNPase, purine nucleoside phosphorylase; MEG,
7-methylguanosine; Pi, inorganic phosphate; S2, a nonfluorescent
analogue of S3 that is degraded by Lon identically as S3 and is used
in the ATPase reactions to conserve the fluorescent peptide (S3)
YRGITCSGRQK(Bz); S3, a mixed peptide substrate containing 10%
of the fluorescent peptide Y(NO2)RGITCSGRQK(Abz) and 90% S2;
NTP, nucleotide triphosphate; SSD, the substrate sensor and discrimina-
tory domain in Lon which is thought to interact with peptide substrate,
resulting in allosteric behavior.
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from the originally cloned protein. pHF019 was overex-
pressed in BL21(DE3), selected for with 30µg/mL kana-
mycin, and induced at OD600 ) 1.5 with 1 mM IPTG. The
protein was isolated by osmotic lysis and purified to
homogeneity as reported previously by Martin R. Webb and
colleagues (National Institute of Medical Research, Mill Hill,
London). This purification procedure and labeling of C197
with MDCC are described in detail in ref33. The purified
labeled protein exhibits activity (excitation 425 nm, emission
465 nm) that is comparable to that observed in the PBP
purified from the original cell strain (a generous gift from
Susan Gilbert, University of Pittsburgh) developed by Webb
and colleagues.

Steady-State MANT-ATPase Assays Using MDCC-PBP.
Steady-state velocity data for MANT-ATP and ATP were
measured using an assay to detect inorganic phosphate (Pi)
release as described previously (33, 34). Reactions contained
50 mM Tris at pH 8.0, 5 mM Mg(OAc)2, 2 mM DTT, 150
µM 7-methylguanosine (MEG), 0.05 unit/mL PNPase, 300
or 150 nME. coli Lon, (500µM S2 peptide, and 25µM-1
mM MANT-ATP or ATP. ATPase activity was monitored
on a Fluoromax 3 spectrofluorometer (Horiba Group) where
fluorescent MDCC-PBP was excited at 425 nm and emitted
at 465 nm. The velocity reactions were equilibrated at 37
°C for 1 min and initiated with the addition of Lon. Initial
velocities were determined from plots of the amount of Pi

released versus time. All assays were performed at least in
triplicate, and the kinetic parameters were determined by
fitting the averaged rate constant data with eq 1 using the
nonlinear regression program KaleidaGraph (Synergy) ver-
sion 3.6:

wherekobs is the observed rate constant in s-1, kcat is the
maximal rate in s-1, [ATP] is the nucleotide concentration
in µM, and Km is the Michaelis-Menten constant inµM.

Peptidase Methods.Peptidase activity was monitored on
a Fluoromax 3 spectrofluorometer (Horiba Group) as de-
scribed previously (25). Assays contained 50 mM HEPES,
pH 8.0, 75 mM KOAc, 5 mM DTT, 5 mM Mg(OAc)2, 200
nM E. coli Lon, 150µM MANT-ATP or ATP, 50-150µM
S1 peptide (100% fluorescent), and 200µM-1.5 mM S3
peptide (10% fluorescent S1 peptide, 90% nonfluorescent
analogue S2 peptide) (excitation 320 nm, emission 420 nm).
Initial velocities were determined from plots of relative
fluorescence versus time. All assays were performed at least
in triplicate, and the kinetic parameters were determined by
fitting the averaged rate constant data with eq 2 using the
nonlinear regression program KaleidaGraph (Synergy) ver-
sion 3.6:

wherek is the observed rate constant being measured in units
of seconds,kmax is the maximum rate constant referred to as
kss,S3in units of s-1, [S] is the variable peptide substrate in
units of µM, K′ is the Michaelis constant for [S], andn is
the Hill coefficient. TheKs (µM) 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
referred to asKm,ATP or Km,MANT-ATP.

Tryptic Digestions.Tryptic digest reactions were monitored
as described previously (28, 30). Briefly, 1.4 µM Lon in a
reaction mixture containing 50 mM HEPES (pH 8.0), 5 mM
Mg(OAc)2, 2 mM DTT, (800 µM S2 peptide, and 1 mM
ATP, 1 mM MANT-ATP, 1 mM ADP, 1 mM MANT-ADP,
1 mM AMPPNP, or 1 mM MANT-AMPPNP was started
by the addition of 1/50 (w/w) TPCK- (N-p-tosyl-L-pheny-
lalanine chloromethyl ketone) treated trypsin with respect
to Lon. At 0 and 30 min, a 3µL reaction aliquot was
quenched in 3µg of soybean trypsin inhibitor (SBTI)
followed by boiling. The quenched reactions were resolved
by 12.5% SDS-PAGE analysis and visualized with Coo-
massie brilliant blue.

MANT-ATP Binding Time Courses by Fluorescent 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 E. coli Lon monomer with and without 500
µM S2 peptide, 5 mM Mg(OAc)2, 50 mM HEPES, pH 8,
75 mM KOAc, and 5 mM DTT. Syringe B contained varying
amounts of MANT-ATP, MANT-dATP, MANT-ADP, or
MANT-AMPPNP (1-100 µM), 5 mM Mg(OAc)2, 50 mM
HEPES, pH 8, 75 mM KOAc, and 5 mM DTT. MANT-
nucleotide binding was detected by an increase in fluores-
cence (excitation 360 nm, emission 450 nm) resulting from
rapid mixing of the syringe contents in the sample cell. The
resulting exponential data were a result of averaging at least
four traces. All experiments were performed at least in
triplicate. The averaged time courses were fit with the
equation:

wheret is time in seconds,A1 andA2 are amplitudes for the
first and second exponential phases, respectively, in relative
fluorescence units,k1 andk2 are the observed rate constants
for the first and second exponential phases in seconds, and
C1 and C2 are constants.

MANT-ADP Release Time Courses by Fluorescent 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 E. coli Lon monomer with and without 500
µM S2 peptide which was preincubated with varying
amounts of MANT-ADP (10 min), MANT-ATP, and MANT-
dATP (30 min, 37°C) (0.05-200 M), in 5 mM Mg(OAc)2,
50 mM HEPES, pH 8, 75 mM KOAc, and 5 mM DTT.
Syringe B contained 1 mM ADP, 5 mM Mg(OAc)2, 50 mM
HEPES pH 8, 75 mM KOAc, and 5 mM DTT. MANT-ADP
release was detected by a decrease in fluorescence (excitation
360 nm, emission 450 nm) resulting from rapid mixing of
syringe contents in the sample cell. The resulting exponential
data were a result of averaging at least four traces. All
experiments were performed in triplicate and the averaged
time courses fit with eq 3.

Double mixing experiments were performed as above with
the following exceptions. The valve for syringe C was opened
on the KinTek Stopped Flow and the delay line calibrated
at 33 µL, resulting in a second push volume of 46µL.
Syringe A contained 5 mME. coli Lon monomer and 5 mM

kobs) kcat[ATP]/(Km + [ATP]) (1)

k ) kmax[S]n/(K′ + [S]n) (2)

Y ) (A1 exp-k1t + C1) + (A2 exp-k2t + C2) (3)
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ADP in 5 mM Mg(OAc)2, 50 mM HEPES, pH 8, 75 mM
KOAc, and 5 mM DTT. Syringe B contained 1 mM ADP
with or without 500µM S2 in 5 mM Mg(OAc)2, 50 mM
HEPES, pH 8, 75 mM KOAc, and 5 mM DTT. Syringe C
contained 100µM MANT-ADP or ATP in 5 mM Mg(OAc)2,
50 mM HEPES, pH 8, 75 mM KOAc, and 5 mM DTT. The
contents of syringes A and C were rapidly mixed with a first
reaction time of 50 s for MANT-ATP and 3 ms for MANT-
ADP. The second push would then mix the developed
reaction from syringes A and C with the contents of syringe
B in the observation cell in order to monitor the release of
MANT-ADP from Lon over 30 s. All experiments were
performed at least in triplicate and the averaged time courses
fit with a single exponential equation.

RESULTS

Steady-State Characterization of the MANT-ATPase ActiV-
ity of Lon.In order to perform pre-steady-state stopped-flow
experiments to determine the rate constants associated with
ATP binding and ADP release, a fluorescent analogue of
ATP was needed. To determine if theN-methylanthraniloyl
(MANT) fluorescently labeled ATP was also a substrate of
Lon protease, and thus an appropriate analogue of unlabeled
ATP, the steady-state kinetics of MANT-ATP hydrolysis
were examined in comparison to ATP hydrolysis. This was
accomplished using a coupled assay system with MDCC-
PBP on a Fluoromax 3 spectrofluorometer (Horiba Group)
as described previously (33, 34). Phosphate binding protein
(PBP) is the product of thephoSgene inE. coli which is
induced when the levels of Pi are low, is localized to the
periplasmic space, and is implicated in the transport of Pi

(33, 35). Martin Webb and colleagues (National Institute for
Medical Research) introduced the mutation A197C in PBP
in order to covalently label the introduced cysteine with a
fluorophore (33). By doing this, they created a probe for Pi

which can rapidly measure micromolar concentrations re-
leased from enzymes in real time due to the increase in
fluorescence resulting from MDCC-PBP binding Pi. In order
to reduce the extraneous Pi contamination, the cuvettes were
soaked in a phosphate “mop” solution consisting of 150µM
MEG and 0.05 unit/mL PNPase, which removes excess
phosphate by converting it to ribose 1-phosphate as described
previously (33, 36, 37). At these concentrations there was
no competition between MDCC-PBP and the phosphate mop
system for Pi. The MDCC fluorophore was excited at 425
nm, and fluorescence emission was detected at 465 nm. The
relative fluorescence generated from MDCC-PBP was cor-
related to the concentration of Pi by a calibration curve where
known concentrations of Pi were linearly increased and
plotted versus the resulting change in fluorescent signal (data
not shown). The observed rate constants were measured at
varying concentrations of nucleotide from the linear region
of initial velocity plots of Pi released over time. When plotted
versus the concentration of nucleotide, both ATP and
MANT-ATP yielded Michaelis-Menten kinetics as shown
in Figure 1. Thiskcat/Km profile was performed in the absence
and presence of S2 peptide for both ATP and MANT-ATP.
The steady-state kinetic parameters are summarized in Table
1. Since thekcat/Km values are similar for MANT-ATP and
ATP, we conclude that Lon hydrolyzes the fluorescent
analogue in a comparable manner to ATP.

Steady-State Analysis of MANT-ATP-Dependent S3 CleaV-
age by Lon.In addition to demonstrating that MANT-ATP
is hydrolyzed by Lon protease, it was necessary to ensure
that MANT-ATP was also capable of supporting S3 peptide
cleavage in a comparable manner to ATP. The fluorescent
peptidase assay previously employed to monitor the kinetics
of ATP-mediated S3 cleavage (25, 27, 30) was performed
to compare the ability of MANT-ATP to support S3 cleavage
compared to ATP. The observed steady-state rate constants
of S3 cleavage (kss,S3) were determined at varying concentra-
tions of S3 (50-1500 µM) and 150µM MANT-ATP or
ATP. Because the predominant enzyme form under these
conditions is Lon-ATP, the observed rate constants are a
reflection of the effect of nucleotide hydrolysis rather than
binding. The S3 hydrolysis reactions were monitored by the
increase of fluorescence over time, which when calibrated
reflects the amount of peptide hydrolyzed over time. The
observed steady-state rate constants were then plotted as a
function of S3 concentration, and this yielded a sigmoidal
plot as shown in Figure 2. The kinetic parameters obtained
from fitting the data in Figure 2 with the Hill equation are
summarized in Table 2. Although the value ofn determined
here is slightly higher than that determined previously (n )
1.6), both are approximately equal to 2, and the discrepancy

FIGURE 1: Steady-state kinetics of ATP and MANT-ATP hydrolysis
by E. coli Lon. ATPase activity was monitored using a coupled
assay system where MDCC-PBP binds the Pi released from the
hydrolysis of ATP and MANT-ATP by Lon, resulting in an increase
in fluorescence over time. The initial rates obtained from the time
courses were converted tokobs values by dividing the steady-state
rates of the reactions by [Lon]. The ([) and (2) represent intrinsic
and S2-stimulated ATPase activity, respectively, at varying con-
centrations of ATP. The (b) and (9) represent intrinsic and S2-
stimulated MANT-ATPase activity, respectively, at varying con-
centrations of MANT-ATP. The data are reported as the average
values of at least three trials and were fit with eq 1 to obtain the
kinetic parameterskcat andKm. The kinetic parameters for intrinsic
and S2-stimulated ATPase activity werekcat ) 0.34 ( 0.01 s-1,
Km ) 18 ( 4 µM ([) andkcat ) 1.1 ( 0.1 s-1, Km ) 31 ( 8 µM
(2), respectively. The kinetic parameters for intrinsic and S2-
stimulated MANT-ATPase activity werekcat ) 0.53 ( 0.02 s-1,
Km ) 43 ( 5 µM (b) andkcat ) 1.1 ( 0.1 s-1, Km ) 37 ( 6 µM
(9), respectively. The rate constants are also summarized in Table
1.
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is most likely due to the slightly differing experimental
methods. Because the steady-state kinetic parameters were
comparable to one another (Table 2), MANT-ATP supports
S3 cleavage in a similar manner as ATP. In addition, these
rate constants were comparable to the previously published
kcat andKm values for ATP-mediated S3 cleavage (25, 30).
So although the nucleotide MANT-ATP contains a fluores-
cent label, it still supports S3 degradation in a similar manner
to ATP and therefore is acceptable to use as an ATP
analogue.

Limited Tryptic Digestion Probes the ATP-Dependent
Conformational Change in Lon.Previously (30), we have
utilized limited tryptic digestion to probe the functional role
of nucleotide binding to Lon. This revealed an adenine-
specific conformational change associated with nucleotide
binding, which can primarily be monitored by the stability
of a 67 kDa fragment of Lon. When sequenced, this fragment
was composed of the ATPase, the substrate sensor and
discriminatory domain (SSD), and protease domains of Lon.
To ensure that the introduction of the fluorophore on MANT-
ATP does not affect the nucleotide’s ability to induce this
conformational change in Lon, we subjected 1.4µM Lon to
limited tryptic digestion (1/50 w/w) in the presence of no

nucleotide and saturating amounts (1 mM) of ATP, MANT-
ATP, ADP, MANT-ADP, AMPPNP, and MANT-AMPPNP.
At 0 and 30 min the reaction was quenched with soybean
trypsin inhibitor (SBTI) and resolved on a 12.5% SDS-
PAGE as shown in Figure 3. This figure demonstrates that
MANT-ATP (lanes 4 and 5) induces the same conformational
change as ATP (lanes 2 and 3). MANT-ADP (lanes 10 and
11) and MANT-AMPPNP (lanes 14 and 15) also induce the
same conformational change as ADP (lanes 8 and 9) and
AMPPNP (lanes 12 and 13) ,respectively. S2 peptide did
not change the digestion pattern (data not shown), indicating
that peptide does not induce any conformational change that
is detectable by tryptic digestion.

Determining the Rate of MANT-ATP Binding Using
Fluorescent Stopped Flow.Since MANT-ATP is hydrolyzed,
supports peptide cleavage, and induces the same conforma-
tional change as ATP, the MANT-nucleotide fluorescent
analogues can be used to study individual kinetic steps along
the Lon reaction pathway. The on rate of MANT-ATP
binding was monitored by stopped-flow fluorescence spec-
troscopy because an increase in fluorescence is detected upon
Lon binding to MANT-ATP. Rapidly mixing 5µM Lon both
in the presence and in the absence of saturating amounts
(500 µM) of S2 peptide with amounts of MANT-ATP
varying from 1µM to 100µM resulted in time courses that
were best fit using a double exponential equation. A
representative time course is shown in Figure 4a with the
solid black line demonstrating the fit of the double expo-
nential equation (Materials and Methods). During the syn-
thesis of MANT-ATP, the MANT fluorophore attaches to
both the 2′- and 3′-hydroxyl on the ribose (32). The mixture

Table 1: MANT-ATP and ATP Steady-State Kinetic Parameters Associated with ATP Hydrolysis

intrinsic
ATPase

intrinsic
MANT-ATPase

S2-stimulated
ATPase

S2-stimulated
MANT-ATPase

kcat (s-1) 0.34( 0.01 0.53( 0.02 1.1( 0.1 1.1( 0.1
Km (µM) 18 ( 4 43( 5 31( 8 37( 6
kcat/Km (103 M-1 s-1) 19 12 35 30

FIGURE 2: Steady-state kinetics of ATP- and MANT-ATP-
dependent S3 cleavage byE. coli Lon. 150µM ATP and MANT-
ATP [5 mM Mg(OAc)2] dependent peptidase activity was monitored
using a modified FRET assay system where the cleavage of the S3
peptide containing a fluorescent donor and quencher results in
donor/quencher separation and an increase in fluorescence over
time. The initial steady-state rates of S3 cleavage were obtained
from the time courses of peptide cleavage at varying [S3] and
converted to steady-state rate constantskss,S3 by dividing by the
[Lon]. Both ATP (b) and MANT-ATP (9) mediated S3 cleavage
yielded sigmoidal curves which were fit with eq 2. The resulting
kinetic parameters for ATP-mediated S3 cleavage (b) werekss,S3
) 9.6 ( 0.2 s-1, Km,ATP ) 240( 9 µM, andn ) 2.4 ( 0.1 while
the parameters for MANT-ATP-mediated S3 cleavage werekss,S3
) 5.9( 0.3 s-1, Km,MANT-ATP ) 360( 30 µM, andn ) 2.5( 0.4.
The rate constants are also summarized in Table 2.

Table 2: MANT-ATP and ATP Steady-State Kinetic Parameters
Associated with S3 Cleavage

kss,S3(s-1) Km (µM) n

ATP 9.6( 0.2 240( 9 2.4( 0.2
MANT-ATP 5.9 ( 0.3 360( 30 2.5( 0.4

FIGURE 3: Limited tryptic digest shows that MANT-ATP and ATP
induce the same conformational change inE. coli Lon protease.
SDS-PAGE visualized by Coomassie brilliant blue show 1.4µM
Lon digested with a limiting amount of trypsin and quenched with
SBTI at the indicated times as described in Materials and Methods.
Lane 1 shows the molecular markers in kilodaltons (from top to
bottom): 183, 114, 81, 64, 50, 37, 26, and 20. Lanes 2 and 3 contain
Lon without nucleotide, lanes 4 and 5 contain Lon+ 1 mM ATP,
lanes 6 and 7 contain Lon+ 1 mM MANT-ATP, lanes 8 and 9
contain Lon+ 1 mM ADP, lanes 10 and 11 contain Lon+ 1 mM
MANT-ADP, lanes 12 and 13 contain Lon+ 1 mM AMPPNP,
and lanes 14 and 15 contain Lon+ 1 mM MANT-AMPPNP.

11436 Biochemistry, Vol. 45, No. 38, 2006 Vineyard et al.



of the two isomers could result in fluorescent changes which
are unrelated to the enzyme nucleotide interaction. In order
to ensure this was not the reason that biphasic time courses
were observed, control experiments with MANT-dATP were
performed which also resulted in biphasic time courses (data
shown in Supporting Information). Two observed rate
constants (kon,1, kon,2) are extracted from the double expo-

nential equation and plotted versus the concentration of
MANT-ATP as shown in Figure 4b. The rate constants
associated with MANT-ATP binding are identical in the
presence and absence of S2 peptide, indicating that peptide
has no effect on the binding of nucleotide (Table 3). The
data shown in Figure 4b are representative of MANT-ATP
binding in the absence of S2. The observed rate constants,
kon,1, are linearly dependent on the concentration of MANT-
ATP (Figure 4b). The slope of the line, 6.8× 105 M-1 s-1,
yields the on rate of MANT-ATP binding, and they-intercept
is an estimate of the off rate (11 s-1). Furthermore when the
Kd is calculated by dividing the off rate by the on rate, the
value (16µM) is similar to the previously published value
of 10 µM (26) for the low-affinity ATPase site (28). The
range of nucleotide concentration needed to probe the high-
affinity site (0.05-5 µM) was beyond the limit of detection
at the lower concentrations and indistinguishable from the
low-affinity site at the higher concentrations. The ATP off
rate for the high-affinity ATPase site could not be detected
using this method for the same reason. Instead, MANT-
AMPPNP, a nonhydrolyzable analogue, was used as elabo-
rated on in the Discussion. The observed rate constant,kon,2

∼ 5 s-1 (Figure 4b, Table 3), shows no dependence on the
concentration of MANT-ATP. The lack of dependence on
nucleotide concentration could be indicative of a conforma-
tional change step associated with MANT-ATP binding. This
is supported by the tryptic digest which also suggests a
conformational change upon nucleotide binding which
protects Lon from degradation by trypsin (Figure 3) (30).
The same binding experiment was conducted to determine
the rate of MANT-ADP and MANT-AMPPNP binding to
Lon, and the rate constants were comparable to MANT-ATP.
The rate constant,kon,2, did not vary with the concentration
of nucleotide, which is again consistent with a conformational
change (Table 3).

Determining the Rate of MANT-ADP Release Using
Fluorescent Stopped Flow.The rate constant associated with
MANT-ADP release could also be monitored using fluores-
cence stopped-flow spectroscopy because there is a decrease
in fluorescence upon the dissociation of MANT-ADP from
Lon. Five micromolar Lon in the presence and absence of
500 µM S2 peptide was preincubated with 0.05-200 µM

FIGURE 4: MANT-ATP binding to Lon. (a) Representative time
course of MANT-ATP binding to Lon. Five micromolar Lon was
rapidly mixed with varying amounts of MANT-ATP (excitation
360 nm, emission 450 nm) in the presence and absence of 500µM
S2 peptide, and the increase in fluorescence was monitored for 1
s. The time courses were fit with a double exponential (eq 3, solid
black line). The two resulting rate constants (kon,1, kon,2) are shown
in (b) at varying concentrations of MANT-ATP. (b) On-rate
constants of MANT-ATP binding plotted versus [MANT-ATP].
kon,1 shows a linear dependence on [MANT-ATP]. The on rate for
MANT-ATP is determined from the slope of the line (kon,MANT-ATP
) 6.8 × 105 M-1 s-1). The off rate for MANT-ATP can be
estimated from they-intercept of the line (koff,MANT -ATP ) 11 s-1).
kon,2 remains constant at 5 s-1, likely indicating a conformational
change associated with nucleotide binding. These rate constants
are also summarized in Table 3.

Table 3: Rate Constants Associated with Adenine Nucleotide
Binding As Determined by Fluorescent Stopped Flow

MANT-
nucleotide

kon,MANT-Nu

(105 M-1 s-1)
koff, MANT -Nu

(s-1)
kon,2

(s-1)

ATP 6.8 11 4.1( 1.2
ATP + S2 6.8 10 3.7( 1.2
ADP 6.9 9.5 3.9( 0.9

0.46a (0.13)a

ADP + S2 6.1 9.7 3.7( 0.9
0.44a (0.13)a

AMPPNP 3.2 22 6.7( 2.8
6.6a (0.16)a

AMPPNP+ S2 2.1 24 7.1( 4.7
6.7a (0.16)a

a Values determined by single mixing release rate experiments where
Lon was preincubated with MANT nucleotide and then rapidly mixed
with excess unlabeled nucleotide. These values are more accurate
because the off rates are being directly measured in the experiment.
Two off rates for the nucleotides are detected in this experiment. The
off rate from the high-affinity site is in parentheses, and the other
number represents the off rate from the low-affinity site.
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MANT-ADP and rapidly mixed with excess unlabeled (1
mM) ADP. This resulted in a decrease in fluorescence which
was best fit with a double exponential (Materials and
Methods). A representative time course is shown in Figure
5a, where the solid black line represents the fit of the double
exponential equation. To ensure that the two phases were
not a result of esterification of the fluorophore on MANT-
ATP, control experiments were performed using MANT-
dADP which were also biphasic (data shown in Supporting
Information). The two rate constants (koff,1, koff,2) obtained
from the double exponential fit of the data are summarized
in Table 4. As one would expect, there is no dependence on
the concentration of MANT-ADP with either rate constant
because the release step being monitored is a unimolecular
event. The presence of S2 peptide also does not affect the
rate constants associated with MANT-ADP release regardless
of the order of addition. The average value forkoff,1 was 0.46
( 0.03 s-1 and 0.14( 0.01 s-1 for koff,2. To ensure that the
MANT fluorescent label was not affecting the off rate, the
experiment was also performed where Lon was preincubated
with varying amounts of unlabeled ADP and rapidly mixed
with MANT-ADP, resulting in an increase in fluorescence.
The rate constants obtained from performing the experiment
in this way were identical (data not shown), assuring that
the fluorescent label was not affecting the observed rate
constants. MANT-ADP release was also monitored by
preincubating Lon with varying amounts of MANT-ATP for
30 min at 37°C so all the MANT-ATP was hydrolyzed to
MANT-ADP. The resulting mixture was then rapidly mixed
with excess (1 mM) unlabeled ADP on the stopped flow.
These resulting time courses were again identical to those
where MANT-ADP was used directly (Table 4). This
indicates that if by performing the experiments in this way
we are indeed probing a pre- versus postcatalytic form of
Lon, the two forms do not release MANT-ADP at differing
rates. However, because there is not a clear mechanistic
understanding of how Lon turns over, the possibility that
we are isolating identical enzyme forms in the two experi-
ments cannot be excluded.

The single mixing stopped-flow experiments discussed
above are set up so that every fluorescent molecule bound
to the enzyme is chased off. Because of the sensitivity of
the stopped-flow method even at low concentrations of
MANT-ADP the release rate from both sites was being
detected (Table 4). Therefore, stopped-flow double mixing
experiments were employed to uncouple MANT-ADP release
from the high- and low-affinity ATPase sites. These experi-
ments allowed for the mixing of two of the reaction
components for a designated period of time prior to the
introduction of the third component and subsequent monitor-
ing of the fluorescent signal. We demonstrated in a previous
publication that the high-affinity ATPase sites could be
blocked by preincubating 6µM Lon with stoichiometric
amounts of ADP (28). Whether the ADP was generated in
situ or directly added in the preincubation with Lon, the pre-
steady-state ATP hydrolysis activity at the low-affinity sites
remained unaffected. We utilized the high-affinity ATPase
site blocking technique in this study to isolate MANT-ADP
release from only the low-affinity site. To this end, 5µM
Lon preincubated with 5µM ADP (saturates high-affinity
sites) was rapidly mixed with 100µM MANT-ADP (satu-
rates low-affinity sites) for 3 ms. This reaction was subse-

quently mixed with 1 mM ADP( 500 µM S2 and the
decrease in fluorescence monitored as in the above experi-
ments. The same experiment was performed with 100µM

FIGURE 5: MANT-ADP release from Lon. (a) Representative time
course of MANT-ADP release in single mixing experiments. Five
micromolar Lon was preincubated with varying amounts of MANT-
ADP or MANT-ATP (excitation 360 nm, emission 450 nm) in the
presence and absence of 500µM S2 peptide and rapidly mixed
with 1 mM ADP. The resulting decrease in fluorescence was
monitored for 30 s, and the time courses were fit with a double
exponential (eq 3, solid black line). Two averaged rate constants,
koff,1 ) 0.46( 0.03 s-1 andkoff,2 ) 0.14( 0.01 s-1, resulted and
are summarized in Table 4. (b) Representative time course of ADP
release in double mixing experiments. The high-affinity ATPase
sites in 5µM Lon were blocked with 5µM ADP, and this mixture
was rapidly mixed with 100µM MANT-ADP or MANT-ATP for
3 ms or 50 s, respectively. 1 mM ADP then mixes with the reaction
to displace the bound nucleotide, and the decrease in fluorescence
is monitored for 30 s. The time courses were fit with a single
exponential equation (solid black line), and the resulting rate
constant (koff,1 ) 0.5( 0.1 s-1) describes the release of ADP from
only the low-affinity sites.
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MANT-ATP except the delay time was increased to 50 s to
allow for complete hydrolysis of MANT-ATP at the low-
affinity sites. Figure 5b illustrates a representative time course
from the double mixing experiments. The time course is
single exponential in nature presumably because MANT-
ADP release from only the low-affinity sites is being
monitored. The solid black line shows the fit of a single
exponential equation resulting in a rate constant of 0.5(
0.1 s-1 for ADP release at the low-affinity sites. By inference,
the second rate constant detected in the single mixing
experiments (koff,2 ) 0.14 s-1, Figure 5a, Table 4) must
describe the release of ADP from the high-affinity ATPase
site.

DISCUSSION

Lon is a homohexameric ATP-dependent protease in which
the ATPase and protease domains are located within each
enzyme subunit. Using MANT-nucleotides as fluorescent
probes, we were able to compare the kinetics of ATP,
AMPPNP, and ADP binding to and release fromE. coli Lon.
The pre-steady-state binding experiments performed in this
study verified that the on rate of ATP binding is comparable
to AMPPNP and that a conformational change occurs after
nucleotide binding (Table 3). Therefore, the difference
between ATP- and AMPPNP-activated peptide cleavage
occurs after nucleotide binding. Although there is only one
ATP binding domain on each monomeric subunit in Lon,
studies have identified two binding affinities for ATP
(Kd,low affinity ) 10 µM, Kd,high affinity < 1 µM) (26). Additional
experiments performed in this laboratory isolated the binding
constant at the high-affinity site to be 0.52( 0.02µM (28).
When the hydrolysis activity of each ATPase site was
examined using single turnover experiments, the high-affinity
sites were found to hydrolyze ATP very slowly (0.01 s-1)
(28). The ATP binding experiments performed in the present
study encompassed a range of ATP concentrations that
included both the high- and low-affinity sites. Both sites were
found to have a similar on rate which is relatively fast (Table
3). Therefore, because the dissociation constant,Kd, is
defined bykoff/kon, the high-affinity ATPase site must have
a slowerkoff than the low-affinity site. The value 10 s-1

obtained from they-intercept of Figure 4b (Table 3) yields
an estimate of thekoff of ATP for the low-affinity site. This
method was not sensitive enough to distinguish a second
value for the high-affinity sites because the off rate is not
being directly measured in the experiment. Instead, MANT-
AMPPNP was used as a probe because it is a nonhydrolyz-
able analogue of ATP which supports S2 peptide cleavage
and displays identical binding kinetics to Lon as MANT-
ATP. The off rate could then be directly monitored using

the same methodology used for detecting thekoff for MANT-
ADP. Two observed rate constants for MANT-AMPPNP
release resulted, which did not vary in the presence of S2
peptide (Table 3). When the observed off rates were divided
by the on rate, the twoKd values obtained for AMPPNP
were 0.3 and 9µM. These values are in close agreement
with theKd values of the high- and low-affinity ATPase sites
determined previously [0.5µM (28), 10µM (26)]. Therefore,
it is likely that the koff values of ATP are the same as
AMPPNP.

To characterize the kinetics of ADP interacting with Lon,
we utilized single mixing stopped-flow experiments to
determine the off rate of MANT-ADP, which resulted in two
observed rate constants (koff,1 ) 0.46 ( 0.03 s-1, koff,2 )
0.14( 0.01 s-1, Table 4). However, only one rate constant
associated with the binding of ADP which is dependent on
the concentration of nucleotide was detected (6.9× 105 M-1

s-1, Table 3). The difference between the two observed ADP
off rates is modest so when the off rates are divided by the
on rate, it yields twoKd values that differ only by 3-fold.
Since the original article that investigated the binding of
nucleotides to Lon had a detection limit of 1µM for ATP
binding (26), it is not surprising that a subtle difference in
the Kd for ADP was not detected in the nanomolar range.
Furthermore, when the double mixing experiment was
performed with MANT-ATP, if the delay time was not long
enough to allow for complete hydrolysis of MANT-ATP at
the low-affinity site (Figure 1, 0.5 s-1), the off rate of
MANT-ATP as well as MANT-ADP was detected. As the
high-affinity ATPase site hydrolyzes ATP much more slowly
[0.01 s-1 (28)] than the low-affinity site (Figure 1, 0.5 s-1),
it is likely that ADP release at the high-affinity site occurs
much later than at the low-affinity site.

Kinetic studies performed previously indicated that ADP
release was the rate-limiting step along the reaction pathway
of Lon protease (26, 27, 38). This conclusion was supported
by a proposed ATP/ADP exchange model which was based
on data that showed that Lon was proteolytically “inactive”
when bound to ADP, that protein substrate allosterically
interacted with Lon to promote ADP release which was the
rate-limiting step, and that Lon was only proteolytically
“active” when the bound ADP was exchanged to ATP (38).
The fact that nonhydrolyzable analogues such as AMPPNP,
which does not generate ADP, support peptide cleavage at
a lower rate than ATP negates this proposed model. The
kinetic mechanism has been further investigated recently
using pre-steady-state kinetic techniques to determine the
timing of events along the pathway. ATP hydrolysis was
found to occur prior to peptide cleavage at the low-affinity
site (25, 27). Because burst kinetics was detected in the pre-

Table 4: Summary of MANT-ADP Release Rate Constants from Single Mixing Stopped-Flow Experiments

intrinsickoff,1 (s-1) S2-stimulatedkoff,1 (s-1) intrinsickoff,2 (s-1) S2-stimulatedkoff,2 (s-1)

[MANT-Nu] ( µM) MANT-ADP MANT-ATP MANT-ADP MANT-ATP MANT-ADP MANT-ATP MANT-ADP MANT-ATP

0.05 0.42( 0.01 0.43( 0.01 0.45( 0.01 0.44( 0.01 0.12( 0.01 0.12( 0.01 0.12( 0.01 0.12( 0.01
0.1 0.52( 0.01 0.44( 0.01 0.45( 0.01 0.46( 0.02 0.13( 0.01 0.13( 0.02 0.13( 0.01 0.14( 0.02
0.5 0.47( 0.02 0.51( 0.16 0.47( 0.02 0.46( 0.02 0.15( 0.01 0.13( 0.02 0.15( 0.01 0.14( 0.02
50 0.42( 0.01 0.46( 0.04 0.45( 0.01 0.49( 0.05 0.12( 0.01 0.12( 0.04 0.12( 0.01 0.13( 0.04
200 0.46( 0.06 NDa 0.40( 0.04 ND 0.14( 0.01 ND 0.14( 0.01 ND

0.44( 0.01 0.12( 0.01 0.12( 0.01 0.12( 0.01 0.12( 0.01
a ND: these values were not determined.
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steady-state time course of ATP hydrolysis, the rate-limiting
step must occur after ATP hydrolysis, and ADP release
would be consistent with this. The rate-limiting step should
also have a rate constant similar to the overallkcat for ATP
hydrolysis. As shown in Figure 1, thekcat for S2-stimulated
ATP hydrolysis is 1.1 and 0.53 s-1 for intrinsic ATP
hydrolysis. We have previously suggested that the S2
stimulation of the steady-state ATPase activity is a result of
the high-affinity sites interacting with peptide (28). Because
both of the rate constants identified in this study for MANT-
ADP release were slower than the S2-stimulatedkcat for ATP
hydrolysis, we questioned the validity of this suggestion.
When the timing of all of the pre-steady-state experiments
was examined in entirety, the high-affinity sites seem to be
essentially catalytically inactive. Prior pulse-chase (27) and
single turnover (28) experiments demonstrate that the high-
affinity ATPase site is capable of hydrolyzing ATP if given
enough time; however, the steady-state rate is never affected
by the high-affinity ATPase activity. Furthermore, although
Lon (5 µM) undergoes multiple rounds of peptide cleavage
at limiting (500 nM) ATP, 100µM peptide is cleaved prior
to the half-life of the high-affinity ATPase site reaction (28).
For these reasons it appears that the ATPase pre-steady-state
burst activity as well as the steady-state activity can be
attributed to the low-affinity sites. However, a detailed
understanding of how the S2 peptide is interacting with Lon
to stimulate steady-state ATPase activity is still necessary.
The steady-statekcat values can thus be attributed to low-
affinity ATPase activity which is stimulated in the presence
of peptide. Because the off rate of MANT-ADP from the
low-affinity site (0.46 s-1, Table 4) approaches the turnover
number for intrinsic MANT-ATPase activity (0.53 s-1, Table
1), ADP release is likely the rate-limiting step in this
pathway. Prior experiments have been performed which
suggested that the presence of peptide or protein substrate
facilitated the release of ADP from Lon. Menon and
Goldberg demonstrated this in two ways. After incubation
with [3H]ADP to establish an equilibrium the addition of
casein to the reaction resulted in the recovery of lesser
amounts of [3H]ADP-Lon complex over time than in the
absence of casein (38). They also noted that basal ATP
hydrolysis was inhibited by a greater percentage in the
absence versus the presence of casein (38). Thomas-
Wohlever and Lee confirmed these observations using
steady-state ADP inhibition analyses of ATP-dependent S3
cleavage by Lon protease. They measuredKis andKii values
which reflected affinity of Lon for ADP in the presence of
very low and high levels of S3, respectively. The affinity
for ADP was weakened in the presence of higher levels of
S3 (Kii > Kis) presumably by binding allosterically to promote
ADP/ATP exchange (25). Collectively, these results would
suggest that the rate of ADP release is possibly increased in
the presence of peptide or protein substrate. However, the
results of the stopped-flow MANT-ADP release experiments
summarized in Table 4 demonstrate that there is no difference
in the off rate in the presence of peptide (Table 4) or protein
substrate (data not shown). The rate constant for ATP binding
and the conformational change detected upon nucleotide
binding were also unaffected by peptide or protein substrate
(Table 3). As no pre-steady-state rate constant identified thus
far has been affected by S2 peptide, we therefore conclude
that the obtained pre-steady-state rate constants describe the

first round of ATP hydrolysis which is independent of
peptide. If peptide is present, it acts on a enzyme form
following the first round of ATP hydrolysis which is then
catalytically active and described by the peptide stimulated
kcat (1 s-1, Table 1). Further experimentation will have to be
performed to isolate the intermediates in this pathway.

The best estimate of a turnover number for the high-
affinity sites is 0.01 s-1, as demonstrated using single
turnover methods described previously (28). However, the
high-affinity ATPase sites release ADP at 0.14 s-1, which
is faster than the turnover number (0.01 s-1). Thus another
step must be limiting turnover at the high-affinity site. Until
the activities at the two sites can be more easily uncoupled
this step will likely remain unknown. However, because
hydrolysis is so slow and appears to not contribute to the
ATP-dependent peptidase activity of Lon, it would not be
surprising if chemistry or a step prior to chemistry was rate
limiting for the high-affinity site.

An additional step along the pathway that we attempted
to monitor was the release of phosphate (Pi) from Lon. The
MDCC-PBP fluorescent coupled assay system used to
monitor the steady-state hydrolysis of MANT-ATP is the
ideal way to approach this. Unfortunately, the production of
Pi in the pre-steady-state was below the detection limit of
the MDCC-PBP method under our assay conditions. Phos-
phate release has been proposed to be negligible because
increasing amounts of phosphate do not inhibit the activity
of Lon (25) and Pi was never found to remain bound to Lon
as ADP was in equilibrium binding experiments (26, 38).

In summary, we have utilized pre-steady-state techniques
to determine the kinetic mechanism of the ATPase activities
of Lon. Collectively, our results allow us to refine the
previously constructed kinetic mechanism ofE. coli Lon (25,
27). The revised model is illustrated in Scheme 1 in the

Scheme 1a

a Form I represents oligomeric free enzyme shown for simplicity as
a dimer (bottom white circle) peptidase domain, middle white oval
) substrate senor and discriminatory domain (SSD), top left blue oval
) low-affinity ATPase, and top right red oval) high-affinity ATPase).
Forms II-IV represent intrinsic steady-state ATPase activity at the low-
affinity sites. Form V represents the ability of the high-affinity site to
hydrolyze ATP.
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absence of peptide, and then Scheme 2 proposes a kinetic
model for ATPase activity in the presence of peptide.
Although Lon exists as a higher order oligomer shown in
partial crystal structures as a hexamer (15, 16, 39), we
represent it as a dimer in order to simplify the schemes. Each
Lon monomer contains four defined domains, the amino
terminus, ATPase, substrate sensor and discriminatory (SSD),
and the protease domain. The amino terminus is not
represented in the schemes for simplicity, the low-affinity
ATPase domains are represented as blue ovals, the high-
affinity ATPase domains are represented as red ovals, the
SSD domain is represented as white ovals, and the peptidase
domain is represented as white circles. In Scheme 1, Lon in
its free enzyme (form I) binds to ATP at both the high- and
low-affinity ATPase sites at a fast rate (Table 3,kon,ATP )
6.8 × 105 M-1 s-1). The binding of nucleotide induces a
conformational change (form II) (25) measured in the
stopped-flow binding experiments at approximately 5 s-1

(Table 3). ATP is subsequently hydrolyzed at the low-affinity
ATPase sites at 11 s-1 (form IV) (27, 28), and ADP is
released from the low-affinity ATPase sites at 0.5 s-1 (Table
4). Turnover at the low-affinity ATPase sites then occurs in
the absence of peptide (forms II-IV) (Table 1, kcat ) 0.5
s-1) and is limited by ADP release. In a separate pathway
(forms IV and V) the high-affinity ATPase sites can
hydrolyze ATP at 0.01 s-1 (28) and release ADP at 0.1 s-1

(Table 4).
Scheme 2 represents the proposed kinetic mechanism for

ATPase activity in the presence of peptide. On the basis that
peptide affects only the steady-state ATPase activity of the
low-affinity sites, we propose that Lon adopts a different
form after its first turnover as an ATP-dependent protease,
i.e., from IV to VI. Enzyme form VI is speculative, although
previous tryptic digest studies tentatively support its existence
(28). Catalytic steady-state turnover can then occur (forms
VI-VIII) as described by the peptide-stimulatedkcat ) 1
s-1 (Table 1). The individual steps along this pathway will
need to be defined in the future but will depend on the ability

to isolate enzyme form VI to study using pre-steady-state
techniques. Peptide could still be interacting with enzyme
form VII to promote ADP release, which would be consistent
with the observations proposed in the steady-state studies.
The details concerning exactly how the peptide is interacting
with the enzyme in this pathway will also need to be further
defined and are thus shown only as “peptide delivery &
cleavage” in Scheme 2. We have previously shown that the
pre-steady-state peptide hydrolysis exhibits lag kinetics (27).
Although no definitive evidence exists, we have proposed
that the lag is an ATP-dependent translocation step (27). In
order to probe the validity of this proposal, the microscopic
rate constants associated with peptide binding, delivery, and
cleavage are currently being investigated.

Previously, we reported a sequential ATP hydrolysis
reaction model to account for the functional nonequivalency
detected in the two ATPase sites in Lon (27). This model
assumed that ATP occupancy at the low-affinity sites
promoted the subsequent hydrolysis of ATP at the high-
affinity sites. Further experimentation revealed that the
hydrolysis of the two ATPase sites appeared independent of
one another and that the pre-steady-state burst in ADP
production could be attributed solely to low-affinity ATPase
site activity (28). In light of the results obtained in this work
and in previous single turnover experiments, we have revised
the former kinetic model for the low-affinity ATPase sites
as shown in Scheme 3. To check for consistency between
the revised model and the S2-stimulated ATP hydrolysis
reaction time courses that were reported previously, we
collectively re-fit the data to the revised mechanism by
regression analysis using FitSim (40-42). The results are
summarized in Table 5 and Figure 6. As the burst amplitude
but not the burst rate constants of the time courses varied
with [ATP], we input the burst amplitude values determined

Scheme 2a

a As in Scheme 1, in form IV Lon has hydrolyzed the first round of
ATP at the low-affinity sites. Following ADP release from the low-
affinity ATPase site after the first turnover, if peptide substrate is
present, we propose enzyme forms VI and VII.

Scheme 3a

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

Table 5: Comparison of Experimentally Obtained Rate Constants
with Those Determined from the Collective Fit of the Data to the
Kinetic Mechanism in Scheme 3

FitSim value exptl value

k+1 (µM-1 s-1) 0.7 0.7
k-1 (s-1) 7 7
k+2 (s-1) 8 11a

k+3 (s-1) 0.5 0.5
k-3 (µM-1 s-1) 1 0.6
k+4 (µM-1 s-1) 10 NDb

k-4 (s-1) 5 NDb

k+5 (µM-1 s-1) 50 NDb

k+6 (s-1) 5 NDb

k-6 (µM-1 s-1) 5 NDb

a Values obtained from ref27. b Values have yet to be experimentally
determined.
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previously as the specified enzyme concentration for the
corresponding [ATP] in the fitting process. In Scheme 3,
the enzyme form F represents only the low-affinity ATPase
sites and corresponds to the graphical enzyme for IV depicted
in Schemes 1 and 2. It is discernible from Figure 6 that the
kinetic data overlay well with the fitted time courses and
from Table 5 that the theoretical rate constants agree closely
with those obtained experimentally. It should be noted that
although the hydrolytic activities of the high- and low-affinity
sites are independent of one another, it is possible that the
binding of ATP to the high-affinity sites may still have an
effect on ATP binding to the low-affinity sites such that only
the burst amplitude but not the burst rates of ATP hydrolysis
at the low-affinity sites are affected. The kinetic experiments
reported in this study cannot resolve this issue, and experi-
ments beyond kinetics may be needed to further address this
issue.
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SUPPORTING INFORMATION AVAILABLE

ATP binding and release experiments were performed
using MANT-dATP and MANT-dADP, respectively. The
deoxyribonucleotides were used in order to ensure that the
biphasic nature of the time courses was not a result of
esterification of the fluorophore on the ribonucleotides
MANT-ATP and MANT-ADP. Representative biphasic time
courses of MANT-dATP binding and MANT-dADP release

are shown. This material is available free of charge via the
Internet at http://pubs.acs.org.
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